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THE  DECREASE  IN  ULTRA-VIOLET  AND  TOTAL 
RADIATION  WITH  USAGE  OF  QUARTZ  MERCURY 
VAPOR  LAMPS 


By  W.  W.  Coblentz,  M.  B.  Long,  and  H.  Kahksr 


COHTBIITS 

I.  Itttiodttctory  sUtement z 

II.  Instruments  and  methods 9 

III.  Experimental  data 8 

z.  Variation  in  emiasivity  with  power  iiqmt 9 

3.  Variation  of  irradiation  parallel  with  aads  oC  lamp zo 

3.  Decrease  in  ultra-violet  radiation  with  usage  of  lamp zz 

4.  Decrease  in  total  radiation  with  distance  from  lamp za 

5.  Decrease  in  total  radiation  with  usage  of  lamp Z3 

6.  Total  radiation  and  operating  efficiency  of  quartz  mercury  vapor 

lamps Z7 

7.  Comparative  data  of  various  sources  of  radiation z8 

Radiometric  measurements  on  a  dye-fading  carbon  arc  lamp. .        z8 
IV.  tSommary Z9 

L  mTRODUCTORT  STATEMENT 

The  radiations  from  quartz  mercury  vapor  lamps  are  being  used 
extensively  in  accelerating  photochemical  actions,  as  a  bactericide 
in  sterilizing  water,  as  a  therapeutic  agent,  in  dye-fading  tests,  etc. 

The  violet  and  ultra-violet  rays,  as  distinguished  from  the 
infra-red  rays,  appear  to  have  a  marked  effect  in  accelerating 
chemical  action,  and  there  has  arisen  among  manufacturers  of 
paper,  dyes,  cloth,  rubber  goods,  paints,  etc.,  a  distinct  need  for 
a  source  of  ultra-violet  radiation  of  high  intensity  which  does 
not  decrease  with  usage. 

It  is  well  known  that  the  intensity  of  the  radiation  (especially 
the  ultra-violet  component)  from  quartz  mercury  vapor  lamps 
decreases  greatly  with  usage.  This  decrease  in  intensity  with 
usage  has  been  determined  qualitatively  by  several  experiments/ 
using  physical,  chemical,  and  biological  tests.  But  no  exact 
quantitative  data  appear  to  be  available  showing  how  rapidly 

I  VtiHant,  Compt.  Rend.,  14S,  p.  Sx;  1906;  Bordier,  Arch.  d^BIect.  Hcdicde,  18,  p.  390, 1910;  Coomumt 
•ad  Nofier,  Compt.  Rend.,  IM,  p.  2746;  19x1. 
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and  how  much  the  intensity  decreases  with  time  of  operation  of 
the  lamp. 

Some  months  ago  the  problem  was  presented,  first,  to  devise 
methods  for  determining  quantitatively  this  decrease  in  intensity 
of  emission  with  usage,  and,  second,  to  make  preliminary  meas- 
urements on  radiant  power-life  tests  of  quartz  mercury  vapor 
lamps. 

n.  mSTRUMENTS  AND  METHODS 

In  considering  various  methods  for  observing  the  radiations 
emitted  by  quartz  mercury  vapor  lamps  it  was  apparent  that 
photography  would  not  give  reproducible  quantitative  restilts. 


nop  v/£w 


a 


Fto.  z. — AftangemerU  cf  apparatus  for  measuring  the  radiation  from  quarU  mercury  vapor 

lamps 

while  photometric  methods  are  not  sufl&ciently  comprehensive  to 
take  into  consideration  the  decrease  in  intensity  of  the  ultra- 
violet component  of  the  radiations  from  the  lamp. 

iThe  logical  method  of  procedm^  is  to  measure  the  iatensity  of 
the  radiations  in  absolute  units  by  using  a  nonselective  radi- 
ometer (e.  g.,  thermopile)  which  can  be  calibrated  by  means  of  a 
standard  of  radiation.*  *  This  method  was  employed  throughout 
the  present  investigation. 


*  This  BuUedn,  11,  i>.  87: 19x4. 
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The  radiometer  used  was  a  thermopile  of  bismuth' silver,* 
which  was  covered  with  a  quartz  window  (t^o.15  mm)  to  pre- 
vent tmsteadiness  caused  by  air  currents.  The  thermopile  was 
placed  in  a  mounting,  M,  Fig.  i,  which  could  be  secured  in  a 
fixed  position,  facing  the  lamp.  When  not  in  use,  this  radi- 
ometer outfit  was  removed  to  a  secure  place  free  from  dust  and 
Hkelihood  of  injury. 

The  general  arrangement  of  the  apparatus  is  shown  in  Fig. 
I,  in  which  Q  is  the  quartz  mercury  lamp,  with  its  protecting 
hood  H.  The  shutter  5  permits  the  radiations  from  the  lamp 
to  fall  upon  the  thermopiles  A  and  B.  The  absorption  cells  of 
water  are  at  Wi  and  IV,.  The  Noviol  absorption  glass  is  mounted 
atN. 

The  electric  current  which  was  generated  by  the  thermopile  was 
measured  by  means  of  an  iron-clad  Thomson  galvanometer,*  G, 
Fig.  I ;  though  for  most  of  the  work  a  sensitive  d'Arsonval  galva- 
nometer would  have  served  the  purpose. 

Apparatus  (C,  Fig.  i)  was  provided  for  testing  the  current 
sensitivity  of  the  galvanometer,  which  varied  from  day  to  day. 
The  radiation  sensitivity,  in  absolute  units  (gram-calories),  of  the 
thermopile-galvanometer  combination  was  determined  at  frequent 
intervals  by  exposing  the  thermopile  to  the  standard  of  radiation 
just  mentioned.  The  sensitivity  of  the  radiometric  apparatus 
was  such  that  for  the  standard  galvanometer  current  sensitivity  of 
i=«5  X  lo-**  ampere,  a  deflection  of  i  cm  (caused  by  radiation  from 
the  standard  lamp)  represented  an  energy  flux  of  2.21  microwatt 
per  square  centimeter.  Multiplying  the  observed  galvanometer 
deflection  by  this  factor,  and  knowing  the  distance  intervening 
between  tfie  lamp  and  the  thermopile,  it  was  an  easy  matter  to 
specify  the  intensity  of  the  energy  (the  radiant  flux)  incident  at 
the  point  where  the  meastu-ement  was  made.  This  distance  was 
40  cm  from  the  axis  of  the  lamp  and  equidistant  from  the 
effective  ends  of  the  quartz  glass  tube. 
f  Under  normal  operation  the  quartz  glass  tube  of  a  mercury  vapor 
lamp  becomes  heated  to  a  dtdl  red,  thus  emitting  considerable 
infra-red  radiation  of  wave  lengths  greater  than  2/i  (/i»o.ooi  mm). 
On  the  other  hand,  the  emission  spectrum  of  the  mercury  vapor 
consists  of  strong  lines  which  abound  in  the  ultra-violet,  visible, 
and  the  infra-red  spectrum,  extending  to  about  i  .6fi,  as  shown  in 
Fig.  2,  in  which  the  ultra-violet  measurements  were  taken  from 

*  This  BnUetin,  11.  Pb  zjz;  i9t4-  *  This  BnUetin,  It,  p.  493;  19x6. 
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a  paper  by  Souder.^  The  visible  and  infra-red  measurements 
were  obtained  from  a  paper  by  Coblentz,*  corrections  having  been 
made  for  slit  widths  and  for  power  input  such  as  used  in  the 
lamps  employed  in  the  present  work.  The  three  crosses  (xxx) 
show  the  distribution  of  intensities  on  a  lower  power  input,  under 
which  condition  the  green  mercury  line  is  more  intense  than 
the  yellow  lines.  There  is,  of  course,  considerable  energy  radi- 
ated in  the  form  of  a  continuous  spectrum,  which  would  affect 
the  relative  proportions  in  the  visible  and  in  the  ultra-violet  and 
which  is  not  indicated  in  these  measurements.  The  emission  lines, 
of  wave  lengths  greater  than  i  .6mi  contribute  but  little  to  the  total 
radiation  emitted  by  the  mercury  vapor. 

A  cell,  I  cm  in  thiclaiess,  having  thin  (1.5  mm)  windows  of 
quartz  and  containing  distilled  water  (which  is  opaque  to  radiations 
greater  than  i  .4/1}  was  placed  over  the  thermopile  to  aboorh  the 


^       /       -A       if       ^      /^ 

FlO.  2. — Energy  distrihution  in  the  spectral  lines  emitted  by  quarts  mercufy  vapor  lamps 

radiations  emitted  by  the  quartz  glass  tube.  This  cell  is  trans- 
parent to  ultra-violet  rays  and  its  use  increases  the  acciu-acy  of 
the  observations  by  absorbing  infra-red  radiations  emitted  by  the 
electrodes  and  the  quartz  tube,  which  vary  greatly  in  tempera- 
ture, depending  upon  the  temperature  of  the  surroimding  air,  etc. 
*  As  already  stated,  the  energy  radiated  by  a  quartz  mercury 
vapor  lamp  suffers  depletion  of  the  ultra-violet  component  with 
usage  of  the  lamp.  This  is  attributable  to  discoloration  (black- 
ening) and  devitrification  of  the  bulb  which  absorbs  the  ultra- 
violet more  strongly  than  the  visible  rays.' 

>  Souder,  Fhyt.  Rev.,  8,  p.  3x6;  19x6. 

•  The  Bulletin.  •»  p.  96,:  x9Xa.   Tfae  'wvn  lengtlu  ore  from  Fascfaen,  Ann.  der  Phys.,  S7,  p.  558;  1908. 

7  Quartz*gla8s  chaxiffes  into  crystalline  quarts  (tridymite)  when  heated  to  about  900*. 
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i'  From  the  experimental  data  at  hand,  it  would  appear  that 
(at  the  expense  of  decreasing  somewhat  the  total  energy  radiated) 
there  would  be  a  marked  increase  in  the  useful  life  and  luminous 
efficiency  by  operating  the  lamp  at  a  lower  temperature.  This 
would  decrease  the  vaporization  of  the  tungsten  electrodes  and, 
hence,  the  blackening  of  the  walls  of  the  lamp. 

It  is  well  known  that  with  increase  in  energy  input  the 
luminous  efficiency  of  a  mercury  vapor  lamp  increases  and  passes 
through  a  maximum  value.'  If 

As  was  shown  in  a  previous  investigation*  this  phenomenon 
is  ajttributable  to  the  more  rapid  increase  in  infra-red  energy 
emission  (with  increase  in  energy  input)  as  compared  with  the 
emission  of  visible  and  tdtra-violet  rays. 

For  high  values  of  energy  input  the  ultra-violet  and  visible 
emission  lines  are  relatively  less  intense  than  the  infra-red  lines, 
while  for  a  low-energy  input  the  reverse  condition  is  true,  viz, 
the  visible  and  ultra-violet  rays  are  relatively  the  more  intense, 
as  illustrated  by  the  crosses  {xxx)  in  Fig.  2. 

Hence  in  measuring  the  decrease  in  intensity  of  the  ultra 
violet  as  compared  with  the  visible  radiations,  with  usage  of  the 
lamp,  it  was  necessary  to  resort  to  some  expedient  which  wotdd 
avoid  the  above-mentioned  change  in  relative  intensities  of  the 
visible  and  ultra-violet  with  change  in  energy  input.  For,  at 
the  beginning  of  the  investigation,  it  was  not  known  what  changes 
with  t^age  the  lamps  might  undergo  in  their  volt-ampere  char- 
acteristics, in  their  evacuation,  etc. 

The  simplest  method  of  measuring  the  decrease  in  the  violet 
component  with  usage  of  the  lamp  would  be  to  use  a  screen  (i) 
which  transmits  all  the  ultra-violet  and  absorbs  all  the  visible 
and  infra-red  rays,  or  (2)  which  absorbs  all  the  ultra-violet  and 
transmits  all  the  visible  and  the  infra-red.  No  such  ideal  screen 
is  known,  but  a  deep-yellow  glass  (Coming  Noviol,  shade  B) 
which  absorbs  all  the  ultra-violet  rays  shorter  than  X»o.4/i  was 
found  to  answer  the  purpose.*® 

In  a  preliminajry  investigation  of  the  transmission  of  the  radia- 
tions from  the  quartz  mercury  vapor  lamps  through  glasses  of 
various  colors,  with  variation  in  energy  input  into  the  lamps 
(see  Table  i),  it  was  foimd  that  this  sample  of  yellow  glass  was 

*  Klldi  and  KittrtiinwiEy,  Ann.  der  Phys.,  (4)  SO,  p.  563;  X906. 

•  This  BoUetin,  9,  p.  96;  Z9X9< 

It  Thetnaamiitiaa  of  thia  glass  is  given  in  this  Bureau's  Teebnolocic  Vmpitx  No.  93,  ad  ed.,  p.  z?,  Fif.  la 
See  also  this  Bulletin.  14,  p.  653:  19x8. 
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unique  in  having,  within  the  errors  of  observation,  the  same 
transmission  for  a  variation  in  energy  input  of  lOO  to  200  watts. 
This  simplified  the  experimental  work,  for  it  was  then  unneces- 
sary to  operate  the  lamp  at  the  same  energy  input  when  making 
the  transmission  measurements  from  time  to  time,  and  any 
change  in  the  transmission  of  this  glass  with  usage  of  the  lamp 
would  be  attributable  to  a  change  in  the  quality  of  the  radiations 
emitted  by  (transmitted  through  the  walls  of)  the  lamp.  A  pro- 
gressive decrease  in  the  ultra-violet  radiation,  with  usage  of  the 
lamp,  would  cause  a  progressive  increase  in  the  percentage  of  the 
total  radiation  which  can  pass  through  the  yellow  glass. 

TABLE  l.—Transmission  of  the  Radiations  of  Wave  Len^s  Less  than  1.4m  from 
R.  U.  V.  Quartz  Mercury  Vapor  Lamp  Throu^  Glasses  of  Various  Colors,  with 
Variation  in  Energ^r  Input 

[A.  O.  C— American  Optical  Co.;  C.  G.  W.— Cornine  Glass  Works] 


Color  of  glaM 

Timdoname 

* 

Sonico 

Eneriy  input  in  watts 

100 

200 

260 

400 

540 

615 

OolorlMi ■ 

Lab.  No.  56 

Selmium  ^ 

A.O.C. 
CO.W. 
CO.W. 

B.& 
A.O.C. 
CO.W. 
CO.W. 

51.5 
4.9 
11.2 
1S.2 
23.4 
14.3 
31.2 

48.0 
5.2 
12.5 
12.7 
20.7 
16.0 
91.1 

28.7 

44.6 
6.2 
14.7 
13.5 
19.8 
17.9 
30.9 

43.4 
7.3 
16.4 
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This  is  so  because,  in  passing  out  through  the  walls  of  the  lamp, 
the  ultra-violet  radiations  suffer  a  proportionately  greater  reduc- 
tion in  intensity  than  the  (visible)  radiations  which  are  not 
absorbed  by  the  yellow  glass.  A  determination  of  the  trans- 
mission consists  in  noting  the  galvanometer  deflections  when 
the  plate  of  yellow  glass  intervenes  between  the  thermopile  and 
the  lamp  and  when  no  glass  intervenes.  The  ratio  of  these 
two  deflections  is  a  measure  of  the  transmission,  which  increases 
with  decrease  in  the  ultra-violet  rays. 

The  decrease  of  the  ultra-violet  component  was  determined  by 
making  transmission  observations  upon  the  radiations  emitted 
from  a  length  of  about  5  cm  of  the  central  part  of  the  quartz 
lamp  tube,  in  order  to  avoid  the  radiations  from  the  incandescent 
electrodes.  For  this  purpose  a  bismuth-silver  thermopile,  hav- 
ing a  circular  receiver  ^^  5  mm  in  diameter,  was  mounted  in  a 

11  This  Bullccin,  11,  p.  z68.  Pig.  3,  No.  3. 
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stiitable  brass  tube,  A ,  Fig.  i ,  which  admitted  radiations  coming 
only  from  the  central  part  of  the  lamp.  A  i  cm  cell,  Wi,  Fig.  i , 
having  thin  quartz  windows  (20  mm  opening)  and  containing  dis- 
tilled water,  absorbed  most  of  the  radiations  from  the  hot  quartz 
tube,  but  transmitted  the  ultra-violet  rays.  The  Noviol  and 
other  glasses  used  in  the  transmission  tests  were  placed  in  front 
of  the  water  cell  (at  iV,  Fig.  i)  and  any  change  in  the  transmis- 
sion with  age  of  the  lamp  would  be  ascribable  to  a  decrease  in  the 
ultra-violet  component  of  the  radiations  passing  through  the  walls 
of  the  lamp. 

The  decrease  in  total  radiation  with  usage  was  determined  by 
measuring  the  radiations  emanating  from  the  whole  lamp,  includ- 
ing radiations  unavoidably  reflected  from  the  hood,  H,  Fig.  i, 
which  was  used  over  the  lamp.  For  this  meastirement  a  bis- 
muth-silver thermopile,  B,  Fig.  i,  having  a  linear  receiver,  2  by 
15  mm,  long  axis  at  right  angles  with  the  long  axis  of  the  lamp, 
was  used.  No  water  cells  with  quartz  windows  of  suitable  size 
being  available  at  the  time  when  the  work  was  imdertaken,  a 
I  cm  cell,  with  crown-glass  windows,  W,  (;J5  mm  opening),  was 
used  to  absorb  the  infra-red  rays.  This  second  radiometric 
outfit  gave  a  partial  check  on  the  observations  made  with  the 
Noviol  absorption  glass.  Of  course  the  total  radiation  was 
observed  also  on  the  5  cm  length  of  the  lamp,  but  no  record  was 
kept  of  the  energy  input  of  the  lamp,  the  galvanometer  sensitivity, 
the  distance  of  the  thermopile  from  the  lamp,  etc.,  which  data 
would  be  required  in  reducing  the  data  obtained  with  the  thermo- 
pile (with  circular  receiver)  used  in  measuring  the  ultra-violet 
component. 

The  lamps  under  mvestigation  were  mounted  in  a  Ught-tight 
inclosure,  which  was  kept  thoroughly  ventilated,  without  pro- 
ducing a  strong  draft  over  the  lamps. 

In  order  to  protect  the  eyes  from  injury  when  adjusting  the 
thermopiles  for  making  radiometric  meastirements,  the  attendants 
wore  deep  amber-colored  glasses,  Coming  Noviweld,  shade  6**. 
As  a  further  precaution  against  injury  from  reflected  light,  the 
inside  of  the  inclosure  and  the  mountings  were  painted  black. 
This  is  a  precaution  which  should  be  observed  in  dye-fading  and 
similar  tests  involving  the  use  of  quartz  mercury  vapor  lamps. 
The  injurious  effects  of  ultra-violet  light  are  usually  not  felt  until 
some  hours  have  elapsed  after  exposure  to  these  rays. 

^  See  this  Bureau's  Technologic  Paper  No.  93,  on  gleisfs  for  protecting  the  eyes  from  injurious  radiatiom. 
78672<>— ] 


8  Bulletin  of  the  Bureau  of  Standards  [va.  ts 

m.  EXPERIMENTAL  DATA 

The  data  discussed  under  this  caption  were  obtained  on  lamps 
purchased  from  the  Cooper-Hewitt  Electric  Co.  and  from  the 
R.  U.  V.  Co.". 

In  the  discussion  of  the  data  these  two  t3rpes  of  lamps  are  re- 
ferred to  as  C.  H.  and  R.  U.  V.  Of  the  former,  i  lo-volt  and  220- 
volt  lamps  were  available.  Of  the  latter  t3rpe  only  2  20- volt 
lamps  were  obtainable. 

These  lamps,  with  their  auxiliary  ballast  resistances  were  oper- 
ated on  the  specified  voltage  and  currents.  A  watt-hour  meter 
was  connected  in  the  circuit  of  each  lamp,  and,  on  the  days  when 
the  radiation  measurements  were  made,  a  wattmeter,  an  ammeter, 
and  sometimes  a  voltmeter  were  used  to  obtain  data  on  the 
electrical  characteristics  of  the  lamp.  The  electrical  character- 
istics of  the  lamp  vary  somewhat  with  the  temperature  of  the 
surroundings. 

The  R.  U.  V.  lamp  is  operated  at  a  very  high  temperature,  and 
the  voltage-ciurent  i;elation  is  rather  imstable.  Because  of  this 
great  fluctuation  in  power  input  it  was  necessary  to  watch  the 
wattmeter  and  make  radiometric  measurements  when  the  watt- 
meter indicated  a  certain  value,  say  615  watts.  The  C.  H.  lamps 
did  not  fluctuate  in  energy  input,  other  than  that  which  resulted 
from  fluctuation  in  the  line  voltage. 

The  lamps  were  not  operated  continuously  and  some  ceased 
to  function  after  800  to  1200  hours  of  actual  usage,  owing  to 
leakage  of  air  into  the  bulb. 

On  continuous  operation  quartz  mercury  lamps  are  known  to 
depreciate  less  rapidly — i.  e.,  have  a  longer  life — ^than  when  oper- 
ated intermittently.  The  present  data  are,  therefore,  not  to  be 
considered  as  a  **life  test,"  as  measured  in  the  total  number  of 
hours  a  lamp  may  be  operated.  These  lamps  were  in  operation 
extending  over  a  period  of  three  and  one-half  months.  As  in  the 
case  of  incandescent  lamps,  the  question  will  probably  arise  as  to 
what  constitutes  the  useful  life  of  a  quartz  merctuy  vapor  lamp. 
In  the  present  case  the  lamps  were  used  in  dye-fading  experi- 
ments (the  radiometric  measurements  in  all  cases  being  inci^ 
dental) ,  and  the  use  of  one  lamp  was  discontinued  after  its  total 
radiation  intensity  had  decreased  to  one-third  its  original  value, 
although  mechanically  the  burner  appeared  to  be  in  good  condi- 
tion. 


u  Cooper-Hewitt  Electric  Co..  Hobokcn,  N.  J.    The  R.  U.  V.  Co.,  150  Broodtroy,  N.  Y. 
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1.  VARLITION  IN  EMISSIVTrY  WITH  POWER  INPUT 

The  lamps  being  operated  on  the  city  power  circuit  were  sub- 
ject to  fluctuations  in  power  input.  The  total  radiation  from  the 
lamp  (through  the  water  cell)  with  variation  in  power  input  was, 
therefore,  determined  at  the  start  by  operating  it  on  a  storage 
battery.  The  data  so  obtained  (see  Fig.  3)  were  used  in  reducing 
the  observations  of  the  total  radiation,  with  usage,  to  a  standard 
power  input,  say  400  watts  for  the  C.  H.  lamps  and  600  watts  for 
the  R.  U.  V.  lamps.     For  this  purpose  the  experimental  curves 
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Fio.  3. — Variation  in  total  radiation  emitted  with  variation  in  power  input 


illustrated  in  Fig.  3  are  closely  represented  by  the  formula  E = KW^ 
where  E  is  the  energy  of  wave  lengths  less  than  i  ./^jx  emitted  by 
the  quartz  mercury  vapor,  K  is  o.  constant,  and  W  is  the  power 
input  in  watts. 

For  one  of  the  R.  U.  V.  quartz  mercury  lamps  studied  (upper 
curve  Fig,  3),  the  formula  £==0.00462  W^'^  was  foimd  to  fit  the 
observations  to  within  less  than  i  per  cent  over  a  range  of  power 
input  from  300  to  600  watts.  As  shown  by  the  crosses  in  Fig.  3, 
for  a  power  input  of  200  watts  or  less  the  computed  values  differ 
considerably  from  the  observed. 
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Fbr  the  C.  H.  lamp  (lower  curve,  Fig.  3)  the  formula  £  = 
0*000457  W^'^^^  was  found  to  fit  the  observations  to  within  i  per 
cent  over  a  range  of  150  to  400  watts  of  power  input,  giving 
\aJues  which  are  2  per  cent  low  at  100  watts  and  2  per  cent  high 
at  450  watts,  as  shown  by  the  crosses  in  the  lower  curve,  Fig.  3. 

2.  VARUTION   OF  IRRADUTION  PARALLEL  WITH  AXIS  OF  THE  LAMP 

In  connection  with  the  dye-fading  tests,  it  was  of  interest  to 
determine  the  intensity  of  the  irradiation  along  a  line  parallel  with 
and  at  a  distance  of  40  cm  from  the  axis  of  the  lamp. 

The  present  measurements  were  made  with  a  linear  thermopile 
of  special  design,  in  which  the  receiver  was  not  inclosed  in  the 
protecting  tube  usually  provided,  and  no  water  cell  was  used.     In 


Fio.  4. — Variation  of  illumination  parallel  with  axis  of  tube  of  quartz  mercury  vapor 

lamp;  also  illustration  of  lamp 

this  manner  radiations,  incident  over  a  very  wide  angle,  could 
fall  upon  the  receiver,  which  moved  in  ways,  which  were  placed 
parallel  with  the  axis  of  the  lamp. 

The  radiometric  observations  were  made  upon  an  R.  U.  V. 
lamp,  length  about  15  cm,  illustrated  in  the  lower  part  of  Fig.  4. 
Measiu-ements  were  made  of  the  radiation  intensity  at  what  was 
judged  to  be  the  optical  center  of  the  lamp  and  at  intervals  of 
5  cm  to  the  right  and  left  of  this  point.  These  measurements  are 
fllustrated  in  Fig.  4,  in  which  the  ordinates  represent  the  inten- 
sities (the  galvanometer  deflections)  observed  at  various  points 
along  the  axis  of  the  lamp.    From  this  it  appears  that,  for  a 
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length  of  about  lo  cm,  which  constitutes  the  light-giving  portion 
of  the  lamp,  the  intensity  is  fairly  uniform. 

3.  DBCRSASB  IN  ULTRA-VIOLET  RADIATION  WITH  USAGE  OF  LAMP 

As  already  mentioned,  the  decrease  in  the  ultra-violet  radiation 
emitted  by  quartz  mercury  vapor  lan^ps  was  determined  by 
observing  the  transmission  of  these  radiations  (of  wave  lengths 
less  than  1.4/ji)  through  a  sample  of  Noviol  glass,"  shade  B,  with 
usage  of  the  lamp.  These  data  are  given  in  the  next  to  the  last 
column  in  Tables  3,  4,  and  5,  which  are  published  to  illustrate 
the  behavior  of  some  of  the  lamps  examined. 

The  transmission  of  this  yellow  glass  is  of  the  order  of  29  to  30 
per  cent  for  a  new  lamp,  and  increases  to  35  to  45  per  cent,  de- 
pending upon  the  usage  of  the  lamp. 
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FlG.  5. — Decrease  in  ultrchviolei  radiation  vnik  usage  of  quartz  mercury  vapor  lamps 

The  last  coliunn  in  Tables  3, 4,  and  5  gives  the  per  cent  of  ultra- 
violet radiation  of  wave  lengths  less  than  0.45/i  in  the  total  radia- 
tion (of  wave  lengths  less  than  i  .4/1)  emitted,  with  usage  of  the  lamp. 
It  is  obtained  from  the  transmission  data  (in  the  preceding  column) 

Tr 

on  the  basis  that  the  ultra-violet  =100 .    The  factor  o.g  is 

0.9  ^ 

introduced  to  correct  for  absorption  and  reflection  losses  in  the 

glass.     In  Fig.  5  is  illustrated  the  decrease  in  ultra-violet  radiation 

with  usage  of  several  quartz  mercury  vapor  lamps.    During  the 

first  500  to  700  hotirs  usage  there  was  no  marked  difference  in  the 

per  cent  of  ultra-violet  emitted  by  these  lamps.  ^  (See  Table  6.) 

It  may  be  observed  that  the  ultra-violet  component  of  wave 

lengths  less  than  0.45/i  amotmts  to  about  67  per  cent  of  the  total 

radiation  (of  wave  lengths  less  than  i  .4/*)  emitted  by  the  merciuy 

vapor  when  using  a  new  lamp,  and  decreases  to  60  per  cent  or  less 

after  operating  the  lamp  for  some  time. 
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In  the  case  of  the  C.  H.  lamp,  Table  5,  the  quartz  tube  had 
become  tinged  a  famt  brown,  which  seems  to  obstruct  the  ultra- 
violet rays.  The  R.  U.  V.  lamps  become  discolored  with  a  dark 
substance  which  is  no  doubt  vaporized  from  the  timgsten  elec- 
trodes. This  does  not  seem  to  obstruct  the  ultra-violet  quite 
so  much  as  the  brown  deposit,  but  tests  on  a  liarger  number  of 
lamps  wouli  be  required  to  establish  these  observations  as  true  in 
general. 

As  already  mentioned,  there  is  considerable  infra-red  radiation 
present  as  the  result  of  heating  of  the  electrodes  and  the  supports 
of  the  lamp.  The  ultra-violet  component  is  only  about  20  per 
cent  of  the  total  radiation  (of  all  wave  lengths)  emanating  from 
the  whole  lamp. 

4.  DECREASE  IN  TOTAL  RADIATION  WITH  DISTANCE  FROM  LAMP 

In  order  to  determine  the  decrease  in  intensity  of  emission  with 
usage,  it  is  necessary  to  operate  the  radiometer  at  a  fixed  distance 
(this  setting  could  be  made  accurate  to  i  mm)  or  to  know  the 
variation  of  intensity  with  variation  in  distance  from  the  lamp. 

Measurements  of  the  intensity  of  radiations  (transmitted  by 
the  I  cm  water  cell)  at  various  distances  from  the  lamp  indicated 
that  the  increase  in  intensity  with  decrease  in  distance  is  more 
rapid  than  the  inverse  square  law  of  the  distance.  This  is  illus- 
trated in  Table  2 ,  in  which  column  2  gives  the  observed  intensities 
and  column  3  gives  the  computed  intensities  (using  the  distance 
40  cm  as  the  comparison  point)  on  the  basis  of  the  inverse  square 
law,  which  of  course  applies  only  to  a  point  source.  In  this  test 
the  lamp,  in  its  hood,  was  moved  vertically  over  the  thermopile, 
which  had  its  receiver  horizontal  (the  long  axis  being  at  right 
angles  with)  and  at  equal  distances  from  the  ends  of  the  lamp. 

TABLE  2.— Decretse  in  latensity  of  total  Radiation  of  Wave  Lengths  Less  than  lA/i 

with  Distance  from  a  220-Volt  C.  H.  Lamp 

[Extrapolated  Talues  are  in  parentheses] 
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5.  DBCREASB  IN  TOTAL  RADIATION  WITH  USAGE  OF  LAMP 


The  decrease  in  the  radiation  of  wave  lengths  less  than  1.4/* 
emitted  by  quartz  mercury  vapor  lamps  was  determined  by 
means  of  a  linear  thermopile  and  i-cm  water  cell,  placed  at  a 
distance  of  40  cm  from  the  lamp,  as  described  on  a  preceding 
page. 

Observational  data  for  two  R.  U.  V.  lamps  and  one  C.  H.  lamp 
(all  of  the  220-volt  type)  are  illustrated  in  Fig.  6. 


Fig.  6. — Decrease  in  radiation  from  quarU  mercury  vapor  lamps  with  usage,  as  observed 

through  a  i  cm  cell  of  water,  with  glass  windows 

In  the  R.  U.  V.  lamps  tested,  the  end  containing  the  positive 
electrode  (timgsten  target)  became  blackened  over  a  length  of  2 
to  3  cm  during  the  first  100  to  200  hours'  operation.  As  a  result 
there  was  at  first  a  rather  rapid  decrease  in  the  total  radiation 
emitted,  after  which  the  total  radiation  continued  slowly  to  de- 
crease in  intensity  throughout  the  1200  to  1500  hoiu-s  during 
which  the  lamps  were  imder  observation,  although  the  power 
input  remained  constant. 

In  one  R.  U.  V.  lamp  (No.  380,  Fig.  6)  the  power  input  as  well 
as  the  total  radiation  continued  to  decrease  with  usage,  and 
during  the  first  200  hours  the  ballast  resistance  was  kept  adjusted 
so  that  the  lamp  operated  on  600  watts. 

After  300  hours  no  further  adjustments  were  made  to  the  bal- 
last resistance.  This  accoimts  for  the  large  diflFerence  between 
the  observed  curve  (crosses  xx,  S,  Fig.  6)  and  the  observations 
to  be  expected  for  a  power  input  of  600  watts.  These  data  are 
given  in  column  5  of  Table  3  which  gives  the  observed  galvanom- 
eter deflections  (intensity)  and  column  6  which  gives  these  same 
deflections  reduced  to  a  power  input  of  600  watts.    This  lamp 
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did  not  blacken  rapidly  with  usage,  and,  if  it  had  continued  to 
operate  on  600  watts,  it  would  appear  that,  after  500  hours'  usage, 
the  total  energy  radiated,  as  well  as  the  ultra-violet  radiation, 
would  have  decreased  very  slowly  with  usage. 

TABLE  3.— Radiant  Power  Life  Teat  of  Quartz  Mercury  Vapor  Lamp,  R.  U.  V.  No. 

380,  220  Volt 


Age  of  lamp  in  hoon 


1.4.., 
44... 

74.7. 
124.3 
185.4 
263.8 
342.8 
445.. 
561.. 
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968.. 
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1736 
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9.76 

35.0 

3.0 

175 
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2180 

9.64 

35.1 

3.0 

169 
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1658 
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9.02 

35.6 

2.7 
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9.66 
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3.0 

168 
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xntni- 
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Xless 
tban 
0.45  IS 


Percent 
66.4 
64.4 
64.0 
61.7 
61.3 
60.7 
60.6 
61.0 
61.0 
61.0 
60.4 
60.1 
60.2 


TABLE  4.— Radiant-Power  Life  Test  of  Quartz  Mercury  Lamp,  R.  U.  V.  No.  543, 

220  Volt 


Energy  radiated 

Operating 
efficiency 

Tnms- 

misslon 

through 

Novlol 

glass 

Age  of  lamp  In  hours 

Amperes 

VolU 

Watt- 
meter 

Observed 

galva- 
nometer 
deflection 

Observed 

galva- 

deflection 
reduced 

to  600 
watt  input 

Ultra- 
violet 
radiation 
Xless 
than 
0.45  m 

0 

3.8 
3.9 
3.9 
3.6 
3.6 
4.5 
4.1 

170 
165 
160 
170 
165 
145 
155 

638 
636 
613 
618 
594 
652 
632 
607 
602 
595 
618 
622 
641 
617 

cm 
3446 
2645 
2109 
2158 
2032 
2000 
1960 
1486 
1491 
1301 
1188 
1098 
1170 
1062 

cm 
2966 
2296 
2208 
2015 
2076 
1620 
1730 
1448 
1480 
1325 
1100 
4046 
994 
996 

9.05 

Percent 
29.0 
32.8 
32.7 
32.2 

Per  cent 
67.8 

50 

63.6 

117 

63.7 

185 

64.2 

236 

280 

352 

6.97 

409 

37.0 
37.7 
39.0 
38.4 

58.9 

446 

58.1 

593 

56.7 

678 

57.3 

724 

4.2 
4.7 
4.2 

739 

38.4 
40.8 

57.3 

765 

3.07 

54.6 

CobUnU,  Lone,! 
KahUr  J 
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Another  R.  U.  V.  lamp  (curve  A,  Fig.  6  and  Table  4)  continued 
to  operate  on  a  fairly  uniform  energy  input,  but,  in  the  course  of 
800  hours*  operation,  the  energy  emitted  (galvanometer  deflec- 
tions) decreased  to  about  one-third  its  original  intensity. 

In  the  C.  H.  lamps  the  constricted  (negative)  end  becomes 
discolored  with  a  brown  deposit  which  reduces  the  intensity  of 
the  radiation  rather  rapidly  during  the  first  200  hotirs.  This 
deposit  extends  to  the  main  part  of  the  tube,  with  usage,  and 
absorbs  considerable  ultra-viojiet  radiation  in  spite  of  the  fact 
that  the  coating  is  so  thin  that  it  imparts  only  a  faint  yellowish 
tinge  to  the  lamp.  This  is  illustrated  in  the  lower  curves,  C,  in 
Figs.  5  and  6.  Column  5  of  Table  5  gives  the  observed  galva- 
nometer deflections  (intensity)  reduced  to  the  same  galvanometer 
sensitivity  and  column  6  gives  these  same  deflections  reduced  to 
a  uniform  power  input  of  400  watts. 

TABLE  5.— Radumt  Power  Life  Test  of  Quartz  Mercury  Vapor  Lamp,  Cooper  Hewitt 

No.  847,  220  Volt 


Age  of  lamp  in  limin 


97.... 
177... 
343... 
450... 
522... 
615... 
640... 
6K.3. 
783... 


Power  input 


Anipetee 


3.0 


959.. 
1064. 

1140. 


3.3 

2.8 

3 

3.05 

2.9 

2.8 

2.8 

2.9 

2.75 


Volli 


142 
138 
144 
143 


Watt- 
meter 


413 
413 
401 
416 
401 
439 
420 
413 
416 
416 
422 
397 
405 
386 


Bnetgy  radiated 


Observed 

calva- 

noneter 

deflection 


1735 
1612 
1511 
1513 
1041 
1158 
1282 
1180 
1136 
1214 
1052 
1052 
1054 
960 


Oboerved 

galvano- 
meter 
deflection 
reduced 

to  400 
watt  input 


1611 
1497 
1503 
1380 
1033 

910 
1141 
1104 
1036 
1107 

925 
1069 
1025 
1034 


Operating 
eniciency 


8.24 


4.87 


4.93 


4.20 


Trana- 

mlsalon 

Uirough 

Noviol 

glaas 


Percent 
27.5 
29.0 
35.6 
35.6 
36.1 
38.0 
40.6 
40.6 
42.1 
43.0 
43.8 
44.3 
44.5 
45.8 


Ultra- 
violet 
radiation 
Xless 

0.45  M 


Percent 
69.4 
67.8 
60.4 
60.4 
59. 9 
58.2 
54.9 
54.9 
53.2 
52.3 
51.2 
50.8 
50.5 
49.1 


The  radiometric  data  on  radiant-power  life  tests  of  several 
quartz  mercury  vapor  lamps  are  summarized  in  Table  6.  For 
some  lamps,  the  tests  are  incomplete.  However,  from  the  data 
presented  herewith,  it  is  evident  that  the  total  radiation  as  well 
as  the  ultra-violet  component  decreases  markedly  with  usage  of 
quartz  mercury  vapor  lamps.     While  the  number  of  lamps  are  too 
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few  to  form  conclusions  as  to  the  general  behavior  of  such  lamps, 
the  above-mentioned  data  indicate  a  decrease  in  intensity  of  one- 
half  to  one-third  the  initial  value  in  the  course  of  looo  to  1200 
hoiu-s'  operation. 

TABLE  6. — Smnxnaiy  of  Radiant-Power  Lifo  Tests  of  Quartz  Mercnrj  Vapor  Lamps 
GlTiag  the  Decrease  in  Radiation  from  0  to  1.4m  ind  in  tlie  Per  Cent  of  Ultxa-Vlolet 
Radiation  with  Age  of  Lamp;  also  the  Power  Lapat  and  Operating  Sfflciency 

[Teste  incomplete  on  levcral  lamps] 


>iocX10-« 

Ulba  violet  (per  tmA) 

Ageinhonn 

R.U.V., 
220volte 

C.H^  220  volte 

C*n«« 

110 

volte 

R.U.V., 

220  volte 

C.H.,  220  volte 

110 
lolte 

543 

380 

836 

223 

847 

813 

543 

380 

836 

223 

847 

813 

0 

31.1 
22.5 
19.5 
17.0 
15.0 

ia.1 
n.3 

9L6 
7.9 

27.4 
24.9 
23.3 
22.1 
21.1 
20.3 
19.6 
19.0 
18:4 
17.8 
17.3 
16.7 
16.2 

20.1 
17.0 
13.9 

17.9 
16.7 

16.6 

14.5 

13.1 

12.1 

11.3 

10.7 

10.1 

9.6 

9.2 

8.8 

8.4 

SLl 

7.8 

7.3 
5.3 

67 
64 
62 
60 
59 
57 
56 
55 
55 

66 
63 
61 

• 

60 
60 
60 
60 

70 

69 
66 

69 
66 
63 
61 
59 
57 
56 
54 
53 
52 
51 
50 
49 

66 

100 

200 

•  54 

300 

400 

500 

600 

700 

800 

900 

1.000 

1.100 

IJOO 

- 

Sertal 
No. 

Power  Input  in 
watte 

Opeialinceffl* 
ciensyX-^ 

Lamp 

Lamp 

plua 

bonaat 

reaist- 

anoe 

Afe.0 
honn 

Ace,  800 

fionrs 

ILU.V^220fOl 
R.  U.  V^  220  vol 
C.H^  220  volte. 
C.H^  220  volte. 
C.H^  220  volte. 
C.H^  110  volte. 

te 

543 
380 
836 
223 

847 
813 

600 
600 
400 
400 
400 

9VI 

1,025 
770 
928 
690 
690 
360 

12.1 

13.4 

8.4 

10.9 

9.9 

8.fi 

3.3 

Is 

10.8 

5.9 

1 

o  Sstimated  age;  actual  time  of  operation  ol  this  lamp  is  unknown. 

As  already  mentioned,  the  lamps  (especially  the  R.  U.  V.  type, 
which  originally  was  designed  for  an  entirely  different  purpose 
from  the  one  mentioned  in  this  paper)  are  c^rated  at  too  high 
a  temperature  to  obtain  a  fairly  constant  performance.  As  a 
result  the  useful  life  of  the  lamps,  now  obtainable^  does  not  appear 
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to  be  much  greater  than  iocx>  to  1500  hours.  Of  course,  the 
lamps  are  sometimes  usable  for  several  thousand  hours,  especially 
when  operated  continuously.  However,  the  average  laboratory 
lamp  is  not  operated  continuously. 

By  dispensing  with  the  high  intensity  which  is  obtained  on  the 
rated  normal  operation,  these  lamps  will  not  discolor  nor  devitrify 
so  rapidly  and  their  useful  life  can  be  greatly  prolonged,  without 
much  loss  in  time  in  making  the  aforementioned  tests. 

6.  TOTAL   RADUTION   AND    OPERATING   EFFICIBNCT  OP  QUARTZ 

MERCURY  VAPOR  LAMPS 

It  is  of  interest  to  record,  in  absolute  value,  the  total  radiation 
of  all  wave  lengths;  also  the  radiation  of  wave  lengths  less  than 
1.4/i,  emitted  by  quartz-mercury  vapor  lamps. 

The  data  given  in  column  6  of  Tables  3, 4,  and  5  may  be  reduced 
to  energy  in  absolute  value  by  multiplying  the  observed  galva- 
nometer deflections  by  the  factor  i  cm  defl."-2.2i  xio~* 
watt «  5.29  X 10-^  g-cal.  per  cm  *  per  sec. 

The  total  radiation  of  all  wave  lengths  from  quartz-mercury 
vapor  lamps  is  rather  indefinite  owing  to  the  presence  of  the  hood 
and  other  surrotmdings  which  become  heated  and  emit  radiations 
of  long  wave  lengths.  It  was  found  that  the  i  cm  water  cell,  with 
glass  windows,  transmitted  from  14  to  15  per  cent  of  the  total 
radiation  from  these  two  types  of  lamps.  From  this,  and  from 
direct  measurements,  it  was  found  that  the  total  radiation  of  all 
wave  lengths  is  about  7  times  that  indicated  by  the  measurements 
given  in  column  6  of  Tables  3,  4,  and  5  or  about  o.oi  g-cal.  per 
cm  *  per  sec.  at  40  cm  from  the  center  of  a  new  R.  U.  V.  lamp. 
The  220-volt  R.  U.  V.  lamps,  including  ballast  resistance,  were 
operated  on  a  power  input  which  was  about  15  per  cent  greater 
than  that  used  on  the  220-volt  C.  H.  lamps. 

In  order  to  determine  the  energy  flux  of  wave  lengths  less  than 
1.4/i  incident  at  a  point  40  cm  from  the  lamp  (and  equidistant 
from  the  ends  as  already  described)  it  is  necessary  to  correct  the 
observations  for  absorption  by  the  glass  water  cell.  It  was  foimd 
that  the  i  cm  water  cell  with  quartz  windows  transmitted  1.6 
times  (1.3  for  an  old  lamp)  as  much  mercury  vapor  radiation  as 
did  the  i  cm  water  cell  having  glass  windows.  Moreover,  it  was 
found  that  a  i  cm  water  cell  having  quartz  windows  transmitted 
84  per  cent  of  the  mq^cnry  vapor  radiations  which  had  passed 
through  a  similar  i  cm  water  cell  having  quartz  windows.    From 
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this  it  would  appear  that  the  total  radiation  intensity  of  wave 
lengths  less  than  i  .4^,  incident  at  40  cm  from  these  quartz  mer- 
cury vapor  lamps,  when  new,  is  (1.6 -s- 0.84 «)  1.9  times  that  in- 
dicated in  column  6  of  Tables  3,  4,  and  5.  For  lamps,  operated 
1000  hours,  this  factor  would  be  (1.3 -^  0.84=)  1.55  instead  of 
1.9.  For  intermediate  intervals  this  decrease  is  taken  to  be  uni- 
form. Using  these  factors  and  the  one  for  reducing  the  galvanom- 
eter deflections  to  gram-calories,  the  data  in  column  6  of  Tables 
3,  4,  and  5  are  given  (for  even  intervals  of  100  hom-s)  in  Table  6. 

The  energy  of  wave  lengths  less  than  1.4/i  radiated  by  the  R. 
U.  V.  lamps  was  probably  40  to  60  per  cent  greater  (depending 
upon  usage,  etc.,  see  Fig.  6  and  Table  6)  than  that  of  the  C.  H. 
lamp.  In  the  latter  about  40  per  cent  of  the  applied  energy  is 
used  in  the  ballast.  This  reduces  the  operating  efficiency  (ratio 
of  energy  radiated  to  energy  input)  as  shown  in  the  lower  part  of 
Table  6. 

At  the  high  energy  input  used,  the  voltage-ciirrent  characteris- 
tics of  the  R.  U.  V.  lamp  is  rather  unstable  so  that  there  was  con- 
stantly a  great  fluctuation  in  energy  input.  This  caused  great 
difficulty  in  making  radiant  energy  measurements.  This  difficulty 
was  not  experienced  with  the  C.  H.  lamp. 

7.  COMPARATIVE  DATA  OF  VARIOUS  SOURCES  OF  RADIATION 

In  view  of  the  frequent  inquiries  for  sotirces  of  ultra-violet 
radiation  and  the  relative  proportions  of  ultra-violet  and  visible 
radiations  in  various  well-known  sources  of  light,  it  is  of  interest 
to  include  comparative  data  in  this  paper. 

Some  years  ago  Bell  ^'  determined  the  ultra-violet  component 
of  the  radiations  emitted  by  various  artificial  sources.  It  is  of 
interest  to  note  that  he  fotmd  that  a  Cooper-Hewitt  glass  mer- 
cury vapor  lamp  emits  only  about  one-sixth  as  much  ultra-violet 
as  is  found  in  a  quartz  mercury  vapor  lamp. 

In  Table  7  is  given  a  comparison  of  the  solar  radiation  for 
average  air  mass  (2.7  for  a  lo-hour  day)  with  the  intensity  at 
40  cm  from  the  axis  and  eqmdistant  from  the  ends  of  the  new 
220-vok  C.  H.  quartz  mercury  vapor  lamp;  also  the  average 
total  radiation  of  two  new  220  volts  R.  U.  V.  lamps. 

Radiometric  Measurements  On  a  Dye-Fading  Carbon  Arc  Lamp. — 
Tests  were  made  also  on  a  220-volt  arc  lamp  *•  with  "violet 
flame"  carbon  electrodes,  used  in  dye-fading  tests.  The  power 
input  was  about  4000  watts. 

u  Bell.  Amcr.  Acad.  Arts  and  Sd.,  48,  p.  x;  19x3.      **  Made  by  the  Atlas  Electric  Co.,  Chicago,  III. 
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TABLB  7.— Comptiison  of  Solar  Radiation  with  that  of  Quartz  Mercury  Vapor  Lamp, 

C.  H.  223 


Waveleiictli 


0to0.45/A.. 
OtoMji.... 
0.45  to  1.4/1. 
1.4pto  «a  .. 

Otoao 

Oto  OB 


Solar  ndlatUm 


Onm- 

calorie 

peraquare 

centimeier 

per  aecend 


o.oooe 

.0129 
.0121 
.0026 
.0155 


Percent 
of  total 


78 

17 

100 


Qaaxtz  mercury 
vapor  radiation 


Oram- 

calorle 

peraquare 

centimeter 

peraecond 


0.0011 
.0017 
.0006 

.0039 
.0056 
a. 01 


Percent 
of  total 


20 
30 
11 
70 
100 


DTB-FADDffO  CARBON  ARC 


Oto  1.  4m. 


a  0051 


•  R.  U.  V.  lamp. 

The  total  radiation  intensity  (of  wave  lengths  less  than  1.4^) 
at  a  distance  of  40  cm  from  the  arc  with  the  glass  globe  in  place 
was  about  5.1X10"*  g-cal.  per  cm*  per  sec.  The  ultra-violet 
component  of  wave  lengths  less  than  0.45/i  (determined  by  means 
of  the  Noviol  glass  previously  described)  is  about  59  per  cent  of 
the  above-mentioned  total  radiation. 

From  this  it  appears  that  the  ultra-violet  component  is  prac- 
tically the  same  as  that  of  the  quartz-mercury  vapor  lamp,  while 
its  total  radiation  is  two  to  three  times  that  of  the  mercury  vapor 
lamps. 

The  power  input  is  about  five  times  that  of  the  mercury  vapor 
lamps.  However,  the  increase  in  useful  area  surrounding  the 
carbon  arc,  having  approximately  equal  illtunination,  is  about 
two  and  a  half  times  that  of  the  mercury  arc.  This  increase  in 
useftd  area  compensates  for  the  increased  power  input,  so  that 
the  operating  efficiency  is  practically  the  same  for  these  two  types 
of  lamps.  If  a  quartz  mercury  vapor  lamp  can  be  constructed 
so  that  it  can  be  used  in  a  vertical  position,  the  operating  efficiency 
can  be  more  than  doubled  by  utilizing  the  space  entirely  sunxmnd- 
ing  the  axis  of  the  burner. 

IV.  SUMMARY 

The  object  of  the  present  investigation  was,  first,  to  devise 
methods  for  determining,  quantitatively,  the  decrease  in  intensity 
of  emission  with  usage  and,  second,  to  make  preliminary  measure- 
ments on  radiant-power  life  tests  of  quartz  mercury  vapor  lamps. 
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The  lamps  used  were  made  by  the  Cooper-Hewitt  Electric  Co. 
and  by  the  R.  U.  V.  Co.  (Inc.) . 

Thfe  paper  gives  experimental  data  on  the  decrease  in  intensity 
of  the  ultra-violet  and  of  the  total  radiation  with  usage  of  quartz 
mercury  vapor  lamps. 

The  intensities  were  measured  radiometrically  by  means  of  a 
bismuth-silver  thermopile  and  auxiliary  galvanometer.  A  water 
cell  I  cm  in  thickness  with  quartz  windows  was  used  in  front  of 
the  thermopile  to  absorb  the  infra-red  rays  of  long  wave  length, 
which  are  emitted  by  the  electrodes  and  surroundings. 

Xhe  decrease  in  ultra-violet  rays  was  determined  by  observing 
the  change  in  transmission  of  a  yellow  (Coming  Noviol,  shade  B) 
glass,  with  usage  of  the  lamps. 

It  was  found  that  the  transmission  of  this  glass  did  not  vary 
appreciably  with  the  power  put  into  the  lamp.  Hence,  any 
change  in  transmission  of  this  glass  with  usage  of  the  lamp  was 
ascribable  to  variations  (decrease)  in  emission  of  ultra-violet  rays 
caused  by  absorption  in  passing  through  the  quartz  glass  tube, 
which  becomes  discolored  with  usage.  By  this  means  it  was 
established  that  the  ultra-violet  rays,  emitted  from  quartz 
mercury  vapor  lamps,  decrease  from  an  initial  value  of  about 
70  per  cent  (of  the  total  radiation  of  wave  lengths  less  than  i  .4/1) 
when  the  lamp  is  new  to  about  50  per  cent  after  1000  to  1500 
hotirs'  usage. 

Dtujng  the  first  500  hours'  usage  no  marked  difference  was 
observed  in  the  per  cent  of  ultra-violet  emitted  by  these  two  tjrpes 
of  lamps. 

It  was  observed  that  the  total  radiation  from  these  lamps 
decreased  in  intensity  by  one-half  to  one-third  the  initial  value 
in  the  cotirse  of  1000  to  1200  hotirs. 

Data  are  given  (i)  on  the  variation  of  the  total  radiation 
emitted  by  quartz  mercury  vapor  lamps  with  variation  in  energy 
input,  (2)  on  the  variation  of  the  intensity  of  the  irradiation 
parallel  with  the  axis  of  the  lamp,  and  (3)  on  the  variation  of  the 
intensity  of  the  total  radiation  with  distance  from  the  lamp. 

Comparative  data  are  given  on  the  ultra-violet  component  in 
the  radiations  from  the  sun,  from  quartz  mercury  vapor  lamps, 
and  also  from  a  carbon  arc  lamp  which  is  used  in  dye-fading  tests. 

WAsmNGTON,  June  8,  1918. 
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L  INTRODUCTION 

I .  Scope  of  the  Paper. — In  this  paper  it  is  shown  how  the  theory 
of  dimensions  may  be  used  in  a  differential  form;  a  procedure 
which  appears  fruitful  particularly  in  investigating  the  effect  of 
given  sources  of  error  on  the  performance  of  measuring  instru- 
ments. 

The  examples  which  led  to  the  necessity  for  developing  this 
method  are  discussed  at  the  end  of  the  paper  and  illustrated  by 
experimental  data. 

*  This  woric  WW  done  at  tht  Jcfferaon  Physical  Laboratory,  Harvard  University,  in  Z916,  and  i>itieulad 
as  an  interestins  ax>plication  of  Buckingham's  II  theorem  during  a  series  of  four  lectures  00  Dimensioaal 
Reasoning  given  at  the  Friday  evening  conferences. 

ai 
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2.  Statement  of  the  Problem. — Given  the  fact  that  some  relation 
of  unknown  f  onn 

Qo-'fiQuQt,     .     .     .    Cn-i)  (i) 

subsists  between  N  physical  quantities  Qp,  Q^,  &,  .  .  .  Cn  —  i, 
no  others  being  involved,  it  is  required  to  deduce  a  relation  of 
known /orm 

such  that  at  any  point  whose  generalized  coordinates,  j2o>  Qi9 
(2a,  etc.,  are  given,  the  value  of  any  one  of  the  N—i  partial  deriva- 
tives of  Qo  can  be  computed  from  some  other  one.  Thus,  it  is 
required  to  calctilate  one  of  the  component  slopes  of  the  gen- 
eralized surface  (i)  from  a  knowledge  of  another,  although  the 
equation  of  the  surface  is  not  available.  The  interest  of  the 
problem  to  the  physicist  lies  in  the  fact  that  he  may  wish  to  learn 
the  value  of  a  derivative  not  readily  accessible  to  experiment,  in 
a  case  where  some  other  derivative  of  the  same  quantity  can 
easily  be  observed.  It  will  be  shown  that  a  definite  solution  can 
always  be  obtained,  provided  certain  dimensionless  products  of 
the  N  quantities  are  held  constant. 

3.  Other  Classes  of  Relations  Among  Derivatives. — ^The  proposi- 
tion, that  relations  may  be  foimd  connecting  the  derivatives  of 
quantities  in  the  absence  of  a  primitive  equation,  is  not  new. 
There  are  two  other  classes  of  such  relations.  One  consists  of 
mathematical  identities,  applicable  to  any  set  of  related  quantities, 
whether  physical  or  not.     To  this  class  belongs  the  identity 


as  well  as  the  triple  product  relation 

^   ^  ^Q, 
2>Gi    ^Q2  ^Qo 


-I  (4) 


The  other  class  comprises  relations  requiring  the  explicit  use  of 
physical  laws,  such  as  the  two  laws  of  thermod3mamics,  or 
Hamilton's  principle.  To  this  class  belong  Maxwell's  foiu:  ther- 
mod3maniic  relations,  and  the  reciprocal  relations  of  generalized 
dynamics.'    The  relations  to  be  presented  here  are  of  a  nature 

*  J.  J.  Thonwon,  Applicfttians  of  dynamics  to  physics  and  Ghcmistry,  Chap.  5. 
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intermediate  between  the  other  two  classes,  in  that  they  require 
a  knowledge  only  of  the  dimensions  of  the  quantities. 

n.  THEORETICAL  DISCUSSION. 

I .  Derivation  of  the  New  Relation. — ^The  present  result  depends 
upon  and  is  a  corollary  to  Buckingham's  ii-theorem,'  according 
to  which  any  complete  physical  equation  is  reducible  to  the 
form 

funct.  (ill,  iia»     •     •     •    III)  =  o  (5) 

in  which  the  ii's  are  all  the  independent  dimensionless  products 
which  can  be  built  up  by  combining  in  any  way  the  N  physical 
quantities  involved.  Further,  the  total  number  of  such  prod- 
ucts, or  dimensionless  arguments,  will  always  be  the  same,  no 
matter  how  the  quantities  are  grouped.    This  niunber   will  be 

i  =  iV-fe  (6) 

if  k  is  the  number  of  fundamental  imits  needed  for  measuring 
the  N  quantities.* 

Let  Ho  and  n  designate  any  two  of  the  i  products  in  (5)  which 
contain  between  them  the  three  quantities  j2oi  Qu  and  jg,  in  which 
we  are  interested.  Let  Q^  appear  to  the  first  power  in  iio  and 
not  at  all  in  any  other  product,  which  can  always  be  done,  for 
Buckingham  has  shown  that  a  certain  standard  arrangement  is 
possible  in  which  each  product  contains  to  the  first  power  some 
one  quantity  of  type  P  which  occurs  nowhere  else."  We  shall 
then  have 

iio=efGf  .-eff-eo  (7) 

and 

n=(2?j22..e£.fik+i  (8) 

The  exponents  are  abstract  numbers  fixed  by  the  dimensions  of 
the  N  quantities;  in  any  particular  problem  some  of  them  may 
be  zero.  If  we  now  agree  to  keep  the  remaining  i— 2  products 
constant,  (5)  becomes 

IIo  =  0(ll)  (9) 

in  which  the  form  of  *  is  unknown.    The  restriction  to  constant 

»  Journal  Wash.  Acad.  Sd..  4.  pp.  347-353. 19x4:  Phys.  Rev.,  4.  pp.  345-376, 19x4;  Trans.  Am.  Soc.  Mcdi. 
Bngs.,  87,  pp.  363-396;  19x5.  Anyone  who  can  sufficiently  visualize  th%  meaning  of  the  Il-theorem  wiU 
be  able  to  treat  each  concrete  problem  by  itself,  dispensing  with  the  formulas  of  the  present  tmper  save 
asadieck. 

*  The  question  of  the  number  of  fundamental  units  needed  has  been  discussed  by  Riabouchinsky, 
Kayldgh,  and  Buckingham;  see  Nature,  96,  pp.  396-397;  19x5. 

*  Trans.  Am.  Soc.  Mech.  Bngs.,  S7,  pp.  391-393;  note  equation  (xi)  and  its  discussion. 
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products  can  always  be  ftdfiUed  in  theory,  but  it  may  lead  to 
difficulties  in  practice;  it  will  be  discussed  in  a  later  section. 
Differentiating  (9)  and  then  (8)  gives  in  succession 


diip    d4>     bu     d(t>  all 

bar  du    bgr  dii  Q, 
From  (7) 


in  which  the  coefficients 


and 


(10) 


Comparing  (lo)  and  (ii) 

Similarly 

Comparing  (12)  and  (13) 

Hence  the  desired  relation  (2)  has  the  linear  form 

^  =  a+6^  (xs) 


''-(i^'-^l  ^''^ 


6=^^  (17) 


involve  none  of  the  N  quantities  save  jj,,  (Q„  and  Q^. 
Evidently  (14)  can  be  written  also 

dloggo    /a  \    at  dlog  go  .  gx 

in  which  the  coefl[icients  are  independent  of  the  coordinates. 
Thus  the  relation  connecting  the  logarithmic  derivatives  is  the 
same  all  over  the  generalized  surface. 

If  no  two  independent  products  can  oe  lound  which  do  contain 
between  them  the  three  quantities  Qo,  Qu  and  gz,  either  a  or  jS 


fiffHy]  Relation  Connecting  Derivatives  25 

will  vanish,  showing  that  the  derivatives  are  independent.  Thus, 
while  it  is  always  possible  to  find  a  relation  connecting  any  deriva- 
tive with  some  other,  it  is  not  always  possible  to  find  a  relation 
connecting  a  given  derivative  with  any  other  desired. 

2.  Extension  to  Higher  Derivatives. — Differentiating  (14)  with 
ttspect  to  |2i  £^d  using  the  identity  (3)  gives 

in  which  the  coefficients  are 


and 


^■i-'Ki-)-'''^        <"■' 


-®)' 


Thus  the  curvature  with  respect  to  Qi  can  be  calculated  from 
the  slope  and  the  cinvature  with  respect  to  gj. 
3.  Integral  Form  of  the  Relation.* — Integrating  (14)  at  the  point 

(5o=?o>  Qi^^^u  Q%^<1^  over  an  interval  so  short  that  g^  may  be 

treated  as  constant,  and  denoting  its  value  by  the  symbol  g^» 
gives  for  the  primitive  equation  of  an  element  of  the  surface 


m  which 


"-tit-")-"        '"■-> 


The  use  of  (23)  would  permit  a  direct  comparison  of  any  new 
results  obtained  by  the  present  method  with  empirical  results 
previously  published  in  one-term,  constant-exponent  formulas. 

*If  iiutCAd  «l  an  isolated  valiie  of  ^  we  were  f«niislicd  with  the  entke  cttrlre  0r*/t  (Qt).  the  direct 

iij«  fli  the  n-theortiki  would  be  pfcfcrftbk,  and  would  gire  tha  whole  curve  QuF'fi  iOi).  If  successirdr 
hmiishad  with  additiooal  curves.  Qr'ftiQd  and  w  on,  we  coidd  graduaOy  build  up  ceneralized  croia 
itctiofl*  «f  the  flutfaoe  (x)  udtSl,  when  N~k  iiidcpcBdent  curves  had  been  given,  we  should  have  the  whole 
ol  it.  The  problem  ol  devdoping  empirical  equations  synthetically  has  not  been  treated  in  the  available 
players.  That  problem  is  a  general  one,  of  whidi  the  problem  of  the  present  pi4>er  is  a  qiecial  case;  this 
situation  b  iUustrated  by  the  fact  that  our  final  result  (23)  applies  only  to  an  infinitesimal  piece  of  the  curve 
0r-/i((2i). 
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4.  Discussion  of  the  ConstatU-Product  Restriction. — ^Let  IIo  denote 
any  one  of  the  i  —  2  arguments  which  we  have  agreed  to  hold  con- 
stant, and  let  Q  stand  for  either  Q^  or  gj.  Then,  tinless  II©  can 
be  so  chosen  that  it  does  not  contain  Q,  it  must  be  so  chosen 
that  it  will  contain  some  additional  quantity  Q^  not  occurring 
in  any  other  product.  The  rule  for  keeping  he  constant  will 
then  be:  Vary  Q^  simultaneously  in  such  a  manner  as  to  com- 
pensate the  changes  due  to  Q. 

If  Q  enters  ii©  to  the  n^^  power  and  Q^  enters  it  to  the  first, 
the  derivatives  in  (15)  and  elsewhere  are  subject  to  one  or  more 
conditions  of  the  type  Qc  ^  j2"°-     For  such  a  derivative  let  us 

adopt  from  now  on  the  notation  (3^)        •    There  are   two 

experimentally  independent  methods  for  getting  its  ntunerical 
value:  First,  by  directly  observing  the  change  in  (go  with  Q 
while  simultaneously  changing  (go  in  the  prescribed  manner; 
second,  by  calculating  it  from  separate  observations  on  the 
change  in  Q^  with  Q  at  constant  (go,  and  the  change  in  (go  with 
(gc  at  constant  (g.     Expanding  the  conditioned  derivative  into 

the  form  (-^j  '^'l^o  )  ^  ^^^  taking  account  of  the  fixed 
relation  between  (go  and  (g  leads  to  the  working  formula 

for  the  second  method.  In  the  most  general  case  where  there 
are  t  — 2  argimients  to  be  kept  constant,  the  second  term  on  the 

right  of  (25)  will  be  replaced  by-^  times  the  stmunation  of 


i-2  termsof  thetypewjgof^M^j  • 


While  the  procedure  outlined  in  this  section  is  always  possible 
and  suflScient,  it  is  not  always  necessary  or  even  desirable.  For 
example:  if  the  number  of  quantities,  N,  does  not  exceed  the 
number  of  fimdamental  imits,  k,  by  more  than  2,  there  will  be 
no  other  arguments  then  iio  and  11 ;  again,  if  the  remaining  i-2 
arguments  do  not  involve  (g  (i.  e.,  (gj  or  Qi)^  their  constancy  will 
not  be  disturbed  at  all  by  the  fact  that  (gi  and  (g,  do  vary. 
Further  expedients  for  simplifying  the  work  will  suggest  them- 
selves upon  examining  each  particular  case  by  itself. 
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m.  SOME  ILLUSTRATIVE  EXAMI>LES 

Fca:  refa:ence  in  solving  problems  it  is  convenient  to  rewrite 
(5)  in  the  form 

Q^Q^  •    ■  G5  •  e««ftmct.  {QiOS    -Qi'  gk+i,  and  other  n's)     (26) 

The  values  of  a,  0,  etc.,  can  now  be  read  off  directly  by  identi- 
fying  them  with  the  corresponding  nmnerical  exponents  in  the 
equation,  of  type  (26),  afforded  by  the  particular  example  in 
hand. 

I .  Variation  of  Journal  Friction  with  Size  of  Bearing. — In  the 
case  of  a  journal  bearing,  under  certain  restrictions,  we  may 
expect  a  relation  of  type  (i)  to  connect  the  coefficient  of  friction  /, 
with  the  viscosity  of  the  lubricant  m,  the  revolutions  per  unit 
time  n,  the  bearing  pressture  p,  the  journal  diameter  D,  and  the 
volume  of  oil  V  forced  through  the  bearing  in  unit  time.  Let  it 
be  required  to  calculate  the  effect  of  altering  the  size  of  the  machine 
from  a  test  in  which  nothing  is  varied  but  the  rate  of  pumping 
oil  through  the  bearing.     It  may  be  shown  by  the  n-theorem  that 

/  =  funct.  (  "rr"'"^ *  shape  j  (27) 

Let  now  /,  D,  and  V  serve,  respectively,  as  j2o.  Qu  and  (g,.  Com- 
paring (27)  with  (26),  ao=o>  /3o=o,  a  =  3>  /S=  -i;  hence,  by  (16) 

V 

and  (17),  a=o  and  6=  —37^'  or 

df  Vdf  .  .  ^ 

V  /FV 

Also,  by  (20)  and  (22),  i4-o,  B='i2-g5»andC— 9!  ^  I  ;  there- 
fore 

Equations  (28)  and  (29)  enable  us  to  predict  the  bearing  losses 
of  any  slightiy  larger  or  smaller  machine  in  the  same  geometri- 
cally similar  series.  This  requirement  of  geometrical  similarity  is 
an  instance  of  the  constant-product  restriction.  The  products 
in  this  case  are  the  length  ratios  fixing  the  shape.  The  first  of 
the  two  results  in  this  example,  namely,  equation  (28), •follows 
readily  enough  from  equation  (27)  without  calling  in  the  aid  of 
the  present  theorem  at  all.    I<W  in  differentiating  /  first  with 
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respect  to  D  and  then  with  respect  to  V  the  same  unknown  occurs 
both  times  aad  can  be  eliminated,  leaving  the  desired  relation 

between  ^  and  ^*    The  contemplation  of  this  example,  which 

can  be  solved  by  inspection  because  the  left-hand  member  of 
equation  (27)  has  only  one  quantity  in  it,  reveals  instructively  the 
meaning  of  the  theiKem  and  shows  that  it  is  simple  when  tmder- 
stood. 

2.  Effect  of  Gravity  on  a  Rolling-Ball  Vtscosimeter. — Let  it  be 
required  to  find  the  effect  of  gravity  on  a  rolling-ball  viscosimeter 
in  terms  of  the  effect  produced  by  changing  the  size  oi  the  instru- 
ment. Let  D,  I,  and  6  denote,  respectively,  the  diameter  and 
length  of  the  tube  and  its  angle  of  inclination  to  the  horizontal, 
d  and  Po  the  diameter  and  density  of  the  ball,  p  and  m  the  density 
and  viscosity  of  the  liquid,  and  t  the  roll-time^  in  a  locality^  of 
gravity  g.  Assuming  that  a  complete  relation  does  subsist  among 
these  quantities,  the  ii-theorem  shows  that  any  equation  describing 
that  relation,  whether  obtained  theoretically  or  experimentally^ 
must  be  reducible  to  the  form 

-^<  =  funct.(?»,S^.  shape)  (30) 

the  shape,  in  tiun,  being  fixed  by  the  arguments  yrt  ^>  and  0. 

Taking  t,  g,  and  D,  respectively,  for  Q^,  Q^,  and  (g,  gives  ao=o, 
j8o=  —2,  a  =  i,  andi3  =  3;  so  that  by  (i8) 

gdt     _2     iD  dt 

An  interesting  check  on  (31)  is  afforded  by  differentiating  the 
empirical  equation  for  such  an  instrument.*  The  equation  has 
been  presented  in  the  form  y  =  a+&)c,  in  whieh  x  denotes 

^y^9(--i)and  y  Aexiotes  v  ^ D^^^ - 1\  r  being  the  roll- 
time  per  unit  length  -r,  v  the  kinematic  viscosity  — ,  and  a  and 

*  p 

—      — "^^      *       *    ■     * -  — 

'  That  is,  the  time  required  for  the  f>aU  to  roU  down.  This  instrument,  proposed  by  Flowers  "(Proc. 
An.  Soc.  Test  Mat..  14,  pp.  565;  ih4)*  iA  further  dlseviSid  by  the  wHtcf  id  |<Mlmal  Wa^.  Acad.  Sd..  •« 
pp.  537;  X916. 

i  Having  set  ap  such  a  viscosimeter  in  Caffibrldge,  the  questidb  atose  whether  there  would  be  any 
ssnsible  chance  tttxA  taUnc  it  to  Washington,  where  gfairity  la  o.j  per  oe&t  less.  The  cottdusioa  is  that 
the  roll-time  in  a  very  viscous  liquid  will  be  0.3  per  cent  greater  in  Washingtan;  and  that  the  effect  oC 
gravity  dimiaishes  when  the  fluidity  af  the  liquid  incteases,  faUtec  to  o.a  per  cent  far  water. 

*  Jounial  Wash.  Acad.  Sd.,  •.  pp.  538,  cq.  (6);  19x6. 
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6  particular  numerical  values  fixed  by  a  particular  choice  of  •= 
and  9«    Recast  in  the  farm  (30>  it  becomes 


P 


.._U(..„^V^^-i  <3, 


or 


^-gO^^-^^^^^  (33) 

in  which  A  and  B  (both  intrinsically  positive)  do  not  involve  g 
at  all,  ncM-  D  except  in  a  shape  factor.    The  values  of  ~  g-  and 

T-g^  found  by  differentiating  (33)  do  satisfy  (31). 

3.  Effect  of  High  Pressure  on  Accuracy  of  a  Rolling-Ball  Vis- 
cosimeter. — ^Without  knowing  the  empirical  equation  let  it  be 
required  to  predict  the  change  in  roll- time  due  to  any  small  change 
in  liquid  density,  such  as  would  occur  upon  using  the  tube  under 
pressure,  by  reference  to  an  observation  on  the  effect  of  changing 

the  ball  density.    Since  an  expression  for  g-  in  terms  of  g—  is 

sought,  tj  p,  and  Po  are  selected  for  Q^,  Q^,  and  Q2,  respectively. 
If  (30)  were  to  be  used  as  it  stands,  there  wotdd  be  a  restriction 

on  the  derivative  g-»  which  is  hardly  to  be  desired.  An  equiv- 
alent result  in  a  more  convenient  form  can  evidently  be  obtained 
by  confining  p  to  a  smaller  number  of  arguments.  This  is  done  by 
replacing  (30)  by  one  of  the  alternative  forms  provided  by  the 
n-theorem,  such  as 

,^r^i =funct.(^«.  S^,  shape)  (34) 

Comparing  this  with  (26),  a, =o,/3,=o,  a  =  I,  /3=  —  i;henceby  (14) 


or  by  (25) 

Po^+t^^.)  (36) 


^p'~A' 


In  the  last  transformation  /x  took  the  part  of  Qc  and  Po  of  Q, 
while  n  had  the  value  —  i. 
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The  following  observations  afford  an  experimental  illustration 
of  (36).  They  were  made  with  a  tube  59  cm  long  and  i  cm  in 
diameter,  containing  a  one-fourth  inch  (0.635  cm)  ball,  ordinarily 
of  steel   (Po  =  7.7  g/cm").    The  tube  was  filled  with  lard  oil 

(/i  =0.74  cgs  units,  p  =  0.92  g/cm').    The  slope  ^  was  found  to 

be  31  cgs  units.  Substituting  now  a  brass  ball  (po  =  8.6  g/cm*) 
for  the  steel  one,  the  roll-time  dropped  from  27.9  to  24.7  seconds, 

making   5--    equal  to    —3.6  cgs    imits.     From    these    data,  in 

conjunction  with  (36),  the  value  ^-  =  5.2  cgs  units  would  be 
predicted.  From  (32),  the  actual  value  is  found  to  be  5.7  cgs 
tmits.  Since  g-  is  itself  a  correction  term,  the  agreement  is 
sufficient. 

Washington,  September  23,  1918. 
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I.  INTRODUCTION 

1 .  Scope  of  the  Paper, — In  this  paper  it  is  shown  how  the  theory 
of  dimensions  may  be  used  in  a  differential  form;  a  procedure 
which  appears  fruitful  particularly  in  investigating  the  effect  of 
given  sources  of  error  on  the  performance  of  measuring  instru- 
ments. 

The  examples  which  led  to  the  necessity  for  developing  this 
method  are  discussed  at  the  end  of  the  paper  and  illustrated  by 
experimental  data. 

2.  Statement  of  the  Problem, — Given  the  fact  that  some  relation 
of  unknown  form 

Q.-fiQuQ2.    .    .    .    ^N-i)  '(i) 

subsists  between  N  physical  quantities  Q^^  Qu  Qt,  -  -  .  jSn-i, 
no  others  being  involved,  it  is  required  to  deduce  a  relation  of 
known  form 

1  This  work  was  done  at  the  Jefferscm  Physical  Laboratory,  Harvaxxl  Unirersity.  in  X916.  and  presented 
as  an  InterestinK  application  of  Budcingham's  n  theorem  during  a  series  of  four  lectures  on  Dimensional 
ReasGoing  given  at  the  Friday  evening  conferences.  It  was  first  published  in  the  Journal  Wash.  Acad. 
Sd.,  6,  pp.  630-629,  X916,  and  is  reprinted  here  to  provide  thfc  mathematical  basis  for  a  forthoaming  paper 
on  the  effect  of  temperature  on  bodies  of  constant  shape. 

Ilie75'-19  21 


34 


Bulletin  of  the  Bureau  of  Standards 


iVcLis 


EVALUATION  OF  CONSTANTS 

From  the  observations  of  the  heating  curve  (observation  num- 
bers  8  to  19,  inclusive)  the  following  empirical  equation  was  com- 
puted by  the  method  of  least  squares: 

AL*  =  4.09o(^  + 142.5)  io-*+o.oo226(/+ 142. 5)'io-* 

where  /  is  any  temperature  between  — 142  and  +305®  C. 

The  following  table  gives  a  comparison  of  the  observed  values 
with  those  computed  from  this  empirical  formula: 

TABLE  2 


Xsntpontoro  tat 

degreM 

centlgnda 

Obsenred  AL* 

Raaidiuds 

Squtfwof 
rasidiuUi 

-142.5 

0X10^ 

0X10^ 

0X10-* 

oxio-<« 

-123.1 

76 

80 

-  4 

16 

-  77.2 

249 

277 

-28 

784 

-  24.4 

502 

515 

-13 

169 

+  18.7 

713 

718 

-  5 

25 

49.2 

867 

867 

0 

0 

\01.6 

1146 

1133 

+u 

169 

151.0 

1404 

1395 

9 

81 

19&6 

1664 

1658 

6 

36 

249.1 

1957 

1948 

9 

81 

305.2 

2273 

2284 

-11 

121 

305.3 

2280 

2285 

-  5 

25 

1507Xia-»« 

The  sum  of  the  squares  of  the  residuals  is  1507  X  lO""  and  hence 


'V^ 


—13 


r=o.6745-ty^^'  ']J^ — =  ±8.3  X  lo"*  per  tmit  length  is  the  prob- 

able  error  of  a  single  computed  value  if  the  observations  be  regarded 
as  exact,  or  the  probable  error  of  an  observation  if  the  law  ex- 
pressed in  the  empirical  formula  be  regarded  as  exact. 

From  a  consideration  of  the  performance  of  the  apparatus  it  is 
believed  that  the  maximum  error  of  observation  does  not  exceed 
±5Xio~*,  and  therefore  the  experimental  probable  error  of  a 
single  observation  is  less  than  ±  5  X  lO"*.  The  authors  are  there- 
fore led  to  believe  that  a  part  of  the  probable  error,  ±8.3  X  lO"*, 
represents  the  amount  by  which  the  expansion  fails  to  follow  the 
quadratic  law  as  expressed  in  the  above  equation. 

The  value  obtained  for  the  probable  error  is  affected  by  the 
departure  of  the  expansion  curve  from  the  parabolic  law.  That 
this  departure  exists  is  witnessed  by  the  continuity  of  the  signs 
of  the  residuals  in  Table  2. 


*AI<  represents  the  change  per  unit  length  from  the  length  at  the  lowest  temperature  —  Z49?5  C.    The 
▼alues  of  Table  2  are  obtained  by  adding  709.6  to  observations  8  to  19  of  Table  z. 
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Table  3  shows  the  deviations  of  the  observed  values  (observa- 
tion numbers  19  to  23,  inclusive)  of  the  cooling  curve  from  this 
empirical  equation  representing  the  heating  curve. 


TABLE  3 


Tosnpontora  In 
dagrees  centlgimda 

Observed  Al.  * 

Computed  AL 

Deviations 

305.3 

223.9 

141.5 

83.4 

22.4 

2280X10-« 
1805 
1335 
1046 
732 

2285X1C^ 
1802 
1344 
1039 
736 

-5X10-« 

+3 

-9 

+7 

-4 

The  average  deviation  of  the  cooling  curve  from  the  computed 
heating  curve  is  ±5.6X10"*. 

From  inspection  of  the  residuals  in  Table  2,  it  is  apparent  that 
the  previous  second  degree  equation  does  not  satisfy  with  sufl&- 
cient  accuracy  all  the  observations  over  the  whole  temperature 
range.  It  was  found  necessary  to  obtain  two  equations,  one  for 
the  range  from  — 142°  to  room  temperature  and  another  for  the 
range  above  room  temperature. 

The  following  equation,  computed  from  observation  numbers  i 
to  12,  inclusive, 

AL*  =  3.522(^  +  142.5)  ID"* +0.00570(^4- 142. 5)'io-^ 

satisfies  the  observations  below  room  temperature.  A  comparison 
of  all  the  observed  values  below  room  temperature  with  those 
computed  from  this  equation  is  given  in  the  following  table: 

TABLS4 


A  eiiiyewBore  ni 
dafieee  ceattgnule 

ObtervedA/.* 

Coniptitod  Ai^ 

Reeidnale 

17.8 

710xl0-« 

711X10-* 

-1X10-* 

17.8 

711 

711 

0 

a2 

621 

619 

+2 

-  23.5 

502 

500 

+2 

-  50.0 

373 

375 

-2 

-  75.2 

259 

263 

-4 

-  99.8 

162 

161 

+1 

-142. 5 

0 

0 

0 

-123.1 

76 

70 

+6 

-  77.2 

249 

254 

-5 

-  24.4 

502 

495 

+  7 

+  18.7 

713 

716 

-3 

*AL  ftprcjcnts  the  diange  per  unit  length  frosn  the  length  at  the  temperature  —  Z4a?5  C. 
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The  probable  error  of  a  single  observation  is  ±  2.6  X  lO"*. 
From  the  observations  of  the  heating  curve  (room  temperature 
to +  305°  C),  the  following  empirical  equation  was  computed: 

AL*  =  5.o88(^-i8.7)io-«  +  o.ooi26(/-i8.7)»io-« 

where  t  is  any  temperature  between  19  and  305^  C. 

The  following  table  gives  a  comparison  of  the  observed  values 
with  those  computed  from  this  empirical  formula: 

TABLE  5 


Temperature  in 
degrees  centigrade 

Observed  AL  * 

Computed  AL 

Residuals 

18.7 

oxio-» 

0X1O-* 

OXKM 

49.2 

154 

156 

-2 

101.6 

432 

430 

+2 

151.0 

691 

695 

-4 

19a  6 

951 

956 

-5 

249.1 

1243 

1239 

+4 

305.2 

1560 

1561 

-1 

305.3 

1566 

1562 

+4 

•The  probable  error  of  a  single  observation  is  ±2.5  x  lo"*. 

Table  6  shows  the  deviations  of  the  observed  values  (obser- 
vation numbers  19  to  23,  inclusive)  of  the  cooling  curve  from  this 
empirical  equation  representing  the  heating  curve. 


TABLE  6 


Teaperstare  in 
degrees  centigrade 

Observed  a£.* 

Computed  AL 

^^^,1— til,,,, 

305.3 

1566X10-* 

1562X10-* 

+  4X1(M 

223.9 

1091 

1097 

-  6 

141.5 

622 

644 

-22 

83.4 

332 

334 

-  2 

22.4 

18 

19 

-  1 

The  average  deviation  of  the  cooling  curve  from  the  computed 
heating  curve  is  7.0  x  ic'.  From  these  deviations  it  is  apparent 
that  the  cooling  curve  lies  slightly  below  the  heating  curve. 

The  two  equations  of  expansion  expressed  in  terms  of  L©,  the 
length  of  the  material  at  o®  C,  are 

Lt  =  Lo(i  +5.i5^Xio-*  +  o.oo570^'Xio-*)  and 
Lt=Lo(i  +5.04/ Xio-*+ 0.00126^X10-*) 

where  Lt  is  the  length  of  the  specimen  at  any  temperature  t  within 
the  proper  range;  in  the  first  case  19  to  - 142*^  C  and  in  the  second 
case  19  to  +305°  C. 

*  AL  represents  the  diange  per  unit  length  fropi  the  length  at  the  temperature  x8?7  C. 
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Severardays  later  observations  were  taken  from  room  tempera- 
ture to  304^0.  The  results  obtained  on  the  second  test  of  the 
same  specimen  are  shown  in  Table  7  and  Fig.  2. 
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Fig.  a. — Linear  expansion  of  molyhdenum  as  a  function  of  temperature  {Test  2,  Table  y) 

TABLE  7 


OtMWtation 
numlMr 

Date 

TiMO 

Tcmpantnra 

AL* 

1917 

•c 

.      !-• 

Oct.  22 

10.19  a.  in. 

lt.0 

oxio-« 

2-t 

Oet.22 

11.15  a.  BL 

10L3 

430 

3-a 

Oct  22 

11.51  a.  nu 

173.2 

816 

4-A 

Oct.  22 

12.3S^m. 

225.8 

HIS 

5-t 

Oct  22 

1^9.111. 

804.5 

1565 

fr-a 

Oct  22 

2.43  p.  HI* 

223.2 

1099 

7-« 

Oct  22 

3.35  p.  IB. 

143L1 

648 

S-ft 

Oct  22 

3J3p.m. 

142.8 

643 

9-« 

Oct  23 

10.48  a.  a. 

19.8 

4 

*  AL  reprcaats  the  dbangt  per  unit  tencth  fraoi  the  length  at  the  initial  tcmpecature  i8*  C. 
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From  the  observations  (numbers  i-a  to  5~a,  inclusive)  of  the 
heating  ciuve  the  following  empirical  equation  was  computed  by 
the  method  of  least  squares : 

AL  =  5.038(^  — 18.0)  lO"*  +  o.ooi49(^  ~"  i8.o)'io-* 

where  AL  is  the  same  as  in  the  previous  table,  and  /  is  any  tem- 
perature between  18  and  304°  C. 

The  following  table  gives  a  comparison  of  the  observed  values 
with  those  computed  from  this  empirical  formula: 

TABLE  8 


Tempuatore  In 

Obflarved  AL* 

Raddiuds 

lao 

0X10-* 

oxia-« 

0X10-* 

10L3 

430 

430 

0 

173.2 

816 

818 

-2 

225.8 

1115 

1111 

+4 

304.5 

1565 

1566 

-1 

The  probable  error  of  a  single  observation  is  ±  1.8  x  iq"^. 

Table  9  gives  a.  comparison  of  the  observed  values  (observation 
ntmibers  5-a  to  9-a,  inclusive)  of  the  cooling  curve  with  those 
computed  from  this  same  empirical  formula  for  the  heating  curve. 


TABLE  9 


Twuptfrtiirc  in 
d«frMs  centigrade 

ObeervedAL* 

Cratpuled  AZ. 

Deviettone 

304.5 

1565X10^ 

1566X10-< 

-ixio-* 

223.2 

1099 

1097 

+2 

143.1 

648 

654 

-6 

142.8 

643 

652 

-9 

19.8 

4 

9 

-5 

The  average  deviation  of  the  cooling  curve  from  the  computed 
heating  curve  is  4.6  X  lO"*  per  unit  length. 

On  the  second  heating  the  length  at  any  temperature  between 
18  and  304®  C  may  be  represented  by  the  following  empirical 

equation : 

Lt=Lo(i  +4.98/  X 1 0-* +0.00149^'  X  lo-') 

*AL  repreeents  the  chanse  per  unit  length  from  the  length  at  the  initial  temperature  z8*  C. 
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From  the  observations  of  the  two  tests  two  quadratic  equations 
were  obtained  which  satisfy  the  observations  above  room  tem- 
perature.    These  equations  are 

Lt  =Lo(i  +  5.04^  X  ID"*  +  o.ooi  26t*  X  lo"*) .     First  test. 
Lt«Lo(i  +4.98/  X  io-*  + 0.00149^'  X  iQ-').    Second  test. 

A  comparison  of  these  equations  will  show  a  very  close  agree- 
ment. The  coefl&cient  of  ^  in  the  first  equation  is  slightly  larger 
than  that  in  the  second  equation,  but  the  reverse  is  true  of  the 
coefficient  of  t^.  The  lengths  determined  from  these  equations  do 
not  differ  by  more  than  4  x  10  —  •  per  unit  length.  Since  this  ap- 
proaches the  limit  of  accuracy  of  the  apparatus,  the  following 
average  equation 

Lt=Lo(i  -f- 5.01^  Xio-' +0.00138^*  Xior-') 

is  given  as  the  most  probable  second-degree  equation  for  the  expan- 
sion of  this  specimen  of  molybdenum  from  room  temperature  to 

305*^  C. 

The  instantaneous  coefficients  computed  for  every  50°  from 
— 100  to  +300®  C  are  given  in  the  following  table.  The  instan- 
taneous coefficient  or  rate  of  expansion  at  any  temperature  is  the 
tangent  to  the  expansion  curve  at  that  temperature. 

TABLE  10 


TotnpCTitftir6  in 

ooefflci«ol8 

-100 

4*0X10-« 

-  SO 

4.6 

0 

5.1 

+  50 

Swl 

100 

S.3 

150 

&4 

200 

5.6 

250 

5.7 

300 

5.8 

The  work  is  being  continued  to  secure  values  over  a  greater 
temperature  range. 

SUMMARY 

1 .  The  thermal  expansion  of  molybdenum  has  been  determined 
between  - 142  and  +305^  C. 

2.  It  is  impossible  to  seciu-e  a  second-degree  equation  which 
adequately  represents  the  behavior  of  the  material  throughout  this 
temperature  range. 
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3.  The  most  probable  equation  applicable  between  — 142  and 

+  i9°Cis 

Lt=Lo(i+5.i5/Xio-*+o.oo57o/*Xio-') 

4.  The  most  probable  equation  applicable  between  1 9  and  +  305° 

Cis 

Lt =Lo(i  +  5.01^  X  io-« +0.00138?  X  io-«) 

5.  The  instantaneous  coefl&dent  or  rate  of  expan^on  increases 
with  temperature. 

We  are  greatly  indebted  to  Roger  W.  Eisinger  for  his  aid  in  the 

a 

computations;  also  to  Dr.  W.  H.  Souder  for  his  valuable  sug- 
gestions. 

Washington,  June  17,  1918. 
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OPTICAL  CONDITIONS  ACCOMPANYING  THE  STRIAE 
WHICH  APPEAR  AS  IMPERFECTIONS  IN  OPTICAL 
GLASS  

By  Lieut  Conunaiider  A.  A.  Mkhelaon,  U.  S.  N.,  R.  F. 


Striae  in  optical  glass  may  conveniently  be  divided  into  two 
classes:  First,  those  which  appear  under  proper  conditions  as 
isolated  bright  streaks  on  a  dark  background  and,  second,  those 
in  which  such  bright  streaks  are  very  numerous  and  run  into  one 
another,  forming  bright  but  irregularly  continuous  bands. 

Even  a  superficial  examination  of  the  two  kinds  shows  that  the 
optical  qualities  of  the  former  type  are  pracfically  unaffected  by 
the  striae,  while  the  latter  specimens  are  in  general  unfitted  for 
use  in  optical  instrtiments. 

For  the  investigation  of  the  former  class  a  specimen  containing 
a  single  approximately  plane  and  very  narrow  stria— resemblmg 
a  crack  in  the  glass — was  ground  and  polished  so  that  the  stria  was 
approximately  perpendicular  to  the  polished  plane  parallel 
surfaces. 

This  specimen  shows  ** total  reflection"  at  the  stria  when  the 
'*  grazing  "  angle  is  sufficiently  small  (from  zero  to  about  20  degrees) 
and  equally  on  either  surface  of  the  stria. 

At  greater  angles  there  is  an  abrupt  drop  in  the  intensity  to 
nearly  zero. 

If  it  be  admitted  that  these  peculiarities  are  caused  by  a  layer 
of  smaller  index  of  refraction  than  the  remaining  portion  of  the 
specimen,  the  maximum  change  in  index  may  be  readily  calculated 
from  the  "grazing  angle."  This  was  found  to  be  from  3^  to  6^ 
for  this  specimen  (corresponding  to  an  exterior  angle  of  4.5°  to  9°). 
From  this  it  follows  that  the  ratio  of  indices  is  approximately  from 
0.995  to  0.9975,  or  the  difference  in  refractive  index  at  the  stria 
is  from  0.005  to  0.0025. 

(It  may  be  noted  that  if  the  stria  was  in  reality  a  criack,  which 
it  so  strongly  resembles,  the  exterior  grazing  angle  should  be  so 

02112*— 19  ^x 
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large  that  total  reflection  tinder  the  conditions  of  the  experiment 
would  occur  at  all  incidences.) 

Again  if  the  intensities  be  plotted    with  — =  —0.005  smd 

n 

hn 

— «  +0.005,  the  corresponding  grapns  orawn  in  the  figure  show 
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in  the  former  case  (smaller  index  at  stria)  <  the  sudden  drop  in 
intensity  at  "  grazing  angle  "  €  «=  o.  i ,  while  in  the  other  case  (larger 
index  at  stria)  there  is  a  steady  diminution  from  c  « o  to  €  »  90^. 

This  shows  conclusively  that  this  stria  is  caused  by  a  film  of 
smaller  index  of  refraction  than  the  remainder  of  the  glass. 

It  was  hoped  that  the  following  experiment  would  give  the  law 
of  change  of  index  as  the  stria  is  approached  from  either  side: 


h 


^^'•/•r^     L 
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Fig.  2 


The  image  of  a  tungsten  filament  was  concentrated  on  the  slit  s 
of  a  collimator,  and  the  patallel  rays  fell  on  the  specimen.  Thence 
two  pencils  passed  through  the  apertures  p  and  9  in  a  screen  to  the 
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objective  of  the  observing  telescope  at  the  focus  of  which  at  /, 
interference  fringes  are  observed.  The  position  of  these  was 
noted  as  the  aperture  q  was  moved  past  the  stria,  and  careful  obser- 
vation showed  no  appreciable  movement  of  the  fringes  tmtil  the 
aperture  was  exactly  over  the  stria,  when  the  fringes  disappeared. 
A  motion  of  one-tenth  the  distance  between  the  fringes  is  clearly 
measurable,  and  with  a  thickness  of  the  specimen  corresponding 
to  1 6  000  light  waves  it  follows  from  the  formula 

dJV=^(ni— n,)  <o-i 
%— ^2  < 


160  000 

which  shows  that,  within  the  limit  of  errors  of  observation,  there 
is  no  change  in  index  of  refraction  until  the  stria  itself  is  reached. 
The  thickness  of  the  stria  was  found  to  be  something  less  than 
a  fourth  of  a  millimeter.  In  order  to  get  a  somewhat  more  accu- 
rate estimate,  however,  another  specimen  was  cut  with  a  face 
inclined  at  an  angle  of  about  1/30  to  the  plane  of  the  stria.  The 
total  reflection  at  K  gave  an  edge  whose  width  was  of  the  order 


4^-  ^tr/ef. 

K 

Fig.  3 


01  1/4  mm  or  less,  so  that  the  corresponding  width  of  the  stria 
must  have  been  less  than  1/120  mm. 

A  still  more  convincing  confirmation  of  the  preceding  results  is 
furnished  by  the  following  interferometer  test: 


Fig.  4 
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The  interferometer  arranged  as  shown  diagrammatically  in  the 
figure  receives  light  from  a  helimn  tube  H,  which  traverses  in 
one  of  the  branches  the  specimen  S,  containing  the  vertical  stria. 

The  interference  fringes  are  arranged  to  appear  as  horizontal 
bands  coinciding  with  the  surface  of  the  mirror  M.  -  These  appear 
entirely  straight,  except  at  the  stria,  where  they  merge  abruptly 
into  the  narrow  dark  line  which  is  formed  by  the  projection  of 
the  stria. 

If  the  specimen  be  inclined  so  that  the  exterior  angle  of  incidence 


is  io,  it  may  be  shown  that  A=y|  ^  ~-\/i  — =~i~="     ^  which  n  is 

the  index  of  refraction  of  the  gkss  and  dn  the  excess  of  this 

index  over  that  of  the  stria. 

txt    futft 
For  values  of  i©  not  too  small  A  =-^    .  ,  . 

The  limiting  value  for  real  values  of  A  is  given  by  sin'  to  —  2ndn 
and  as  this  is  approximately  sin  t»o.05  the  corresponding  value 

of  2ndn^  is  0.0025  whence  A— -r-*  '.  ,  . 

Taking  a  moderate  value  of  to,  say,  corresponding  to  sin  to«o.2 
the  corresponding  observed  value  of  A  is  0.45,  which  gives  ^  =  18X 
which  corresponds  to  a  thickness  of  about  one  one-hundredth  of  a 
millimeter. 

It  results  from  the  foregoing  that  isolated  striae  are  of  no  more 
importance  than  are  the  bubbles  f  otmd  in  some  of  the  best  tele- 
scope objectives. 

In  the  case  of  striae  of  the  second  class  this  is  not  true  in  general, 
so  that  it  is  not  desirable  to  attempt  to  utilize  such  glass  for 
optical  purposes  where  a  high  resolving  power  is  required. 

Nevertheless,  it  is  important  to  add  that  for  many  purposes, 
such  as  for  binoculars,  gun-sight  telescopes,  periscopes,  etc.,  such 
glass  may  give  excellent  results  if  the  planes  of  striation  are 
perpendicular  to  the  line  of  sight}  Such  glass  should  not  be  used 
for  prisms. 

In  this  report  there  is  no  attempt  to  accotmt  for  the  presence 
of  striae  of  either  class,  but  with  all  due  reserve  it  may  be  sur- 
mised that  they  are  possibly  due  to  different  causes,  the  former 
(single  isolated  striae)  possibly  resulting  from  material  of  different 

^  A  Bpedmen  of  glass  exoeptionaily  badly  striated  when  viewed  end  on  was  placed  between  colttinatnr 
and  observing  telescope  of  the  spectroscope  (aperture  a")  which  gives  admirable  definition.  When  the 
specimen  was  introduced  with  the  striations  perpendlciJar  to  the  Use  of  sight,  no  deterioratioii  of  the 
definition  was  utmived.    Hcnoe  a  lens  of  such  glass  would  pecfocm  quite  as  wcU  as  if  the  striatioa  were 
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index  (which  may  be  melted  from  the  stirrer  itself  or  from  other 
material  which  follows  the  stirrer).  The  second  class  of  striae 
are  more  likely  due  to  variations  in  the  mass  of  the  material  and 
have  no  immediate  connection  with  the  stirrer. 

In  the  absence  of  knowledge  of  the  technique  of  glass  produc- 
tion it  would  be  presumptuous  to  hazard  advice  concerning  the 
possibility  of  eliminating  striae.  But  it  seems  clear  that  original 
homogeneity  of  materials  and  as  high  a  temperatiure  as  the  mate- 
rial will  bear  are  desirable. 

WASfflNGTON,  November,  1918. 
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INTRODUCTION 

The  detection  and  automatic  indication  of  the  presence  of 
combustible  gases  in  the  air  is  a  problem  of  great  importance  in 
many  industries  both  for  controlling  certain  processes  and  for 
safeguarding  life  and  property  wherever  there  is  danger  of  fire  or 
explosions  due  to  the  presence  oi  such  mixtures.  In  the  spring  of 
1916^  an  investigation  of  some  of  the  forms  of  gas  detectors  in 
use  was  b^;im  by  the  Bureau  of  Standards. 

None  of  the  existing  forms  of  apparatus  was  found  suitable 
for  all  purposes,  and  the  investigation  has  led  to  the  design  of 
several  new  forms  which  are  more  reliable  than  the  old  ones  or 
better  adapted  \o  certain  specific  uses.    These  new  forms  of  ap- 

47 
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paratus  are  the  subject  of  the  present  paper.  The  experimental 
work  described  was  completed  about  April  i,  191 7,  but  for 
various  reasons  it  has  not  been  published  tmtil  the  present  time. 

A  paper  describing  the  older  forms  of  detectors,  at  least  in 
principle,  and  some  of  the  experimental  work  done  upon  them,  is 
in  preparation. 

After  the  work  on  the  compensated  bridge  indicator  was  com- 
pleted a  United  States  patent  was  granted  to  Messrs.  Philip  and 
Steele  *  covering  many  of  the  features  of  this  type  of  instru- 
ment as  develc^ed  at  the  Bureau  of  Standards.  The  date  of 
application  for  their  patent  shows  that  Messrs.  Philip  and  Steele's 
work  far  antedates  our  own.  The  forms  of  the  two  instruments, 
the  conditions  under  which  they  were  designed  to  be  used,  and 
the  methods  of  using  them  are  so  diifferent,  however,  that  a  de- 
scription of  the  Btureau  of  Standards  form  of  instrument  seems 
well  worth  while.  In  addition,  the  large  amotmt  of  experimental 
work  relating  to  gaseous  combustion  at  the  surface  of  heated 
wires  is  of  general  application  to  any  instrument  depending  for 
its  action  upon  this  phenomenon. 

For  convenience  the  report  on  this  work  has  been  divided  into 
the  following  parts: 

Section  I  contains  a  brief  description  of  the  new  devices,  the 
principles  upon  which  they  operate,  the  results  of  tests  showing 
their  accuracy  and  reliability,  and  a  brief  discussion  of  their 
application. 

Section  II  is  a  detailed  accotmt  of  the  theory  involved  in  the 
design  of  the  instruments  and  of  the  experimental  work  concerned 
with  the  features  of  design,  together  with  a  description  of  the 
tests  to  which  the  completed  instruments  have  been  subjected. 

Section  III  contains  drawings  and  specifications  for  the  con- 
struction and  installation  of  the  instruments  and  accessory  ap- 
paratus. 

I.  GENERAL  DESCRIPTION  OF  INSTRUMENTS 

1.  PRmCIPISS  OF  OPBRATIOn  OF  HEW  DEVICES 

All  of  the  new  devices  described  in  this  paper  depend  upon  the 
combustion  at  the  surface  of  an  electrically  heated  platinum  wire 
of  the  gas  contained  in  the  surrounding  atmosphere.  This  surface 
combustion  takes  place  at  a  temperatui^  much  below  the  normal 
ignition  temperature  of  the  gas  in  air  or  &t  the  surface  of  another 

>  U.  S.  Patent  No.  xt*43*t.  May  i,  1917. 


wm]  Combustible  Gas  Detectors  49 

material  which  does  not  exert  a  catalytic  effect.  The  resulting 
rise  in  temperature  of  the  wire  depends  upon  the  quantity  of  the 
combustible  gas  which  is  present.  The  measurement  of  tempera- 
ture rise  is  made  in  various  ways,  each  of  which  is  better  suited 
to  certain  particular  purposes  than  is  any  of  the  pthers.  For 
some  purposes  an  indicator  is  required — i.  e.,  an  iustrument  which 
will  indicate,  either  continuously  or  when  desired,  the  amount  of 
the  combustible  gas  present.  For  other  ptuposes  only  a  detector 
is  required — ^i.  e.,  an  instrument  which  sounds  an  alarm  or  other- 
wise shows  the  presence  of  a  dangerous  amount  of  the  combustible 
gas.  The  f ollowiag  devices  which  have  been  developed  axe  suited 
to  various  uses: 

1.  The  ''compensated  bridge  indicator/'  depending  for  its 
operation  upon  the  change  in  electrical  resistance  of  the  wire, 
gives  a  continuous  indication  of  the  amount  of  combustible  gas 
at  the  point  at  which  the  resistance  element,  called  the  *'  detector 
bridge,"  is  placed.  When  the  pe];centage  of  gas  reaches  a  prede- 
termined limit,  a  circuit  is  clewed,  actuating  an  alarm  or  other 
protective  device. 

2.  The  ''glowing- wire  indicator"  is  a  portable  device  with 
which  an  observer  may  quickly  determine  the  amount  of  com- 
bustible gas  at  any  accessible  place.  This  is  done  by  adjusting 
the  current  through  an  active  wire  to  such  a  value  that  the  wire 
just  shows  a  visible  glow.  The  current  required  decreases  with 
increase  in  the  amotmt  of  gas  present. 

3.  The  "bimetallic  detector"  is  an  automatic  device  in  which 
the  heat  of  combustion  of  the  gas  at  the  surface  of  the  wire  causes 
the  bending  of  an  adjacent  bimetallic  strip,  which  in  turn  closes 
an  alarm  circuit. 

2.  COMPENSATED  BIUDGE  INDICATOR 

Description. — ^The  resistance  element  or  detector  bridge  of  the 
compensated  bridge  indicator  consists  of  a  balanced  Wheatstone 
bridge  made  up  of  four  platinum  wires,  two  of  which,  on  opposite 
sides  of  the  bridge,  are  rendered  inactive  by  a  thin  coating  of 
some  substance  which  does  not  readily  cause  surface  combustion. 
The  bridge  wires  are  heated  by  an  electrical  current  to  a  tempera- 
ture high  enough  to  cause  combustion  of  the  gas  at  the  surface  of 
the  uncoated  or  "active"  wires.  When  no  combustible  gas  is 
present,  the  active  and  inactive  wires  are  about  equally  aiSected 
by  changes  of  electrical  current,  room  temperature,  and  air  cur- 
rents.   Consequently,  the  bridge  remains  balanced  in  spite  of 
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changes  in  surrounding  conditions;  but  in  the  presence  of  a  com- 
bustible gas  combustion  takes  place  at  the  surface  of  the  active 
wires,  incteasing  their  temperature  and  resistance,  while  no 
change  occurs  in  the  inactive  wires.  Consequently,  the  bridge 
becomes  unljalanced  by  an  amount  depending  upon  the  quantity 
of  combustible  gas  present.  A  voltmeter  with  scale  graduated 
to  show  the  percentage  of  the  combustible  gas  to  be  indicated  (e.  g. , 
hydrogen  in  electrolytic  oxygen  or  carbon  monoxide  about  gas 
producers)  is  connected  across  the  bridge  and  serves  to  show  at 
all  times  the  percentage  of  gas  present.  A  contact-making 
attachment  causes  an  alarm  to  ring  when  the  amount  of  gas 
reaches  the  limit  for  which  the  contact  has  been  set.  A  diagram 
of  a  compensated  bridge  indicator  is  given  in  Pig.  17. 

Tests, — Several  instnmients  of  this  typ^  have  been  made  and 
tested  at  the  Bureau  of  Standards.  The  indicators  show  smaller 
changes  in  hydrogen  concentration  than  can  be  detected  by  ordi- 
nary volumetric  analysis,  but  ^leir  operation  over  a  long  period 
of  time  usually  results  in  a  change  of  balance  which  makes  it 
necessary  to  rebalance.  The  absolute  accuracy  of  the  readings 
can  not,  of  course,  be  greater  at  any  time  than  the  volumetric 
analyses  by  which  the  instruments  were  calibrated.  The  tests 
upon  one  instrument,  which  was  in  constant  use  for  several 
months  in  a  battery  compartment,  show  that  the  instrument  is 
capable  of  giving  good  results  over  a  considerable  period  of  time 
if  operated  imder  the  most  favorable  conditions.  These  condi- 
tions include  the  maintenance  of  a  constant  current,  freedom  from 
excessive  vibration,  and  the  requirement  that  the  instrument  be 
not  exposed  to  a  high  concentration  of  combustible  gas  for  a  very 
long  period  of  time.  All  of  these  requirements  depend  upon  the 
low  elastic  limit  of  platinum  at  high  temperatures  and  the  con- 
sequent slow  stretching  of  the  wires,  even  imder  their  own  weight. 

The  suitability  of  the  instrument  for  indicating  methane  is 
doubtful  on  account  of  the  high  temperatiu-e  required.  For  a 
short  period  of  time,  it  will  give  reliable  indications  of  this  gas; 
but  it  is  improbable  that  permanent  changes  in  the  wires  at  so 
high  a  temperature  could  be  long  avoided. 

Application. — ^The  device  is  suited  to  the  continuous  indication 
of  the  presence  of  hydrogen,  carbon  monoxide,  illuminating  gas , 
methane,  and  the  vapors  of  some  combustible  liquids  in  air.  It 
is  especially  suitable  for  use  in  determining  the  com  position  of  gas 
in  inaccessible  places  and  for  indicating  at  some  central  station 
the  condition  of  the  atmosphere  in  all  parts  of  an  industrial  plant. 
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Merits  of  the  Compensated  Bridge  Indicator. — ^The  experience 
with  the  apparatus  up  to  the  present  time  apparently  fully  justi- 
fies the  following  statements  as  to  the  merits  of  the  compensated 
bridge  indicator: 

1.  The  apparatus  is  of  simple  construction,  reac^y  made  up 
from  ordinary  materials  by  any  competent  instrument  maker. 

2.  The  detector  bridge  can  be  made  small,  and,  since  it  requires 
no  attention,  can  be  located  at  any  desired  point  even  though 
somewhat  inaccessible. 

3.  The  indicating  instrument  can  be  located  at  a  distance  from 
the  resistance  element  and  the  alarm,  if  desired,  at  a  distance  from 
either. 

4.  The  apparatus  requires  little  attention  in  operation. 

5.  No  supplies  are  required  except  direct  current  of  the  voltage 
ordinarily  used  on  lighting  circuits*  The  apparatus  is  readily 
adapted  for  use  on  a  circuit  of  any  voltage  above  5  volts. 

6.  The  usual  variation  of  the  voltage  of  the  electrical  supply 
does  not  affect  materially  the  operation  of  the  instrument  unless 
excessively  high  or  low  voltages  are  long  continued. 

7.  The  apparatus,  when  once  properly  calibrated,  will  indicate 
changes  of  concentration  of  hydrogen  smaller  than  can  be  detected 
by  the  methods  of  gas  analysis  commonly  used  In  commercial 
practice.  * 

8.  Th^  apparatus  operates  an  alarm  at  any  desired  percentage 
of  combustible  gas. 

9.  The  indications  of  the  apparatus  are  not  affected  by  changes 
in  temperature  at  the  point  of  location  of  the  detector  bridge. 

10.  The  apparatus  responds  promptly  to  changes  in  the  amount 
of  combustible  gas  present,  for  the  time  lag  is  not  more  than  10 
seconds  for  a  properly  constructed  instrument. 

1 1 .  The  most  important  and  delicate  parts  of  the  apparatus  are 
made  of  some  of  the  materials  most  resistant  to  chemical  action, 
namely,  platinum  and  glass. 

12.  The  initial  cost  of  construction  of  the  apparatus  is  not 
great,  the  most  expensive  part  being  a  voltmeter  of  ordinary 
commercial  form. 

3.  GLOWDf G^WIRB  INDICATOR 

The  glowing-wire  indicator  consists  of  two  short  lengths  of  fine 
platinum  wire,  the  currents  through  which  are  supplied  by  a  dry 
battery  and  controlled  by  two  small  rheostats.  A  wiring  dia- 
gram is  shown  in  Fig.  21.    The  whole  is  arranged  in  a  convenient 


52  Bidletin  of  the  Bureau  of  Standards  ivd.  a 

form  for  carrying  in  the  hand  or  the  pocket.  One  wire  is  active; 
the  other  inactive.  By  adjusting  the  two  rheostats  the  two  wires 
may  be  made  to  glow  with  the  same  intensity.  One  rheostat 
determines  the  ratio  of  the  cturents  in  the  wires  which  changes 
with  percentage  of  gas  present.  This  rheostat  can  therefore  be 
graduated  to  read  percentage  directly.  The  other  rheostat  serves 
to  regulate  the  total  current  through  both  wires.  This  device  is 
practically  independent  of  the  illumination  at  the  place  of  use 
and  entirely  independent  of  the  voltage  of  the  battery  used. 

The  glowing-wire  indicator  is,  of  course,  designed  for  the  pur- 
pose of  directly  observing  the  atmospheric  condition  at  a  point  at 
which  no  permanent  detector  is  located.  It  should  be  of  value 
in  looking  for  leaks  in  gas  mains  and  examining  Spaces,  such 
as  coal  bunkers,  or  gas-making  machinery  opened  for  repairs  in 
which  the  presence  of  a  dangerous  amount  of  combustible  gas 
is  suspected. 

The  apparatus  is  considerably  more  complicated  and  some- 
what more  expensive  than  the  detecting  bridge  of  the  bridge  indi* 
cator,  but  no  additional  electrical  instrument  or  alarm  is  required, 
and  the  apparatus  as  a  whole  should  not  cost  more  than  one-half 
as  much  as  a  complete  bridge  indicator. 

4.  BIMETALUC  DETECTOR 

The  bimetallic  detector,  which  is  intended  only  to  actuate  an 
alarm  or  other  mechanism  when  the  amount  of  combustible  gas  ^ 
in  the  atmosphere  reaches  the  limit  for  which  the  device  is  set,  is 
a  simple  and  inexpensive  instrument,  the  principle  of  which  was 
first  used  by  Alderson  and  Holmes,  ^  who  specify  a  detector 
substantially  like  the  one  designed  at  this  Bureau..  The  Btu-eau 
instrument  consists  of  two  bimetallic  strips  with  one  end  of  each 
rigidly  fixed  to  an  insulating  support.  A  millimeter  or  two  below 
the  strips  are  stretched  platinum  wires,  one  active,  the  other 
inactive,  which  serve  to  heat  the  bimetallic  strips.  When  equally 
heated  these  strips  bend  equally,  but  when  unequally  heated  they 
indicate  by  a  relative  movement  of  their  free  ends  the  difference 
in  temperature. 

The  platinum  wires  are  connected  in  series  to  any  convenient 
source  of  electrical  cturent,  direct  or  alternating.  The  free  ends 
of  the  bimetallic  strips  bear  contact  points  which,  when  the  strips 
come  together,  short  circuit  the  platinum  wires  through  an  alarm, 
as  is  shown  by  the  wiring  diagram  in  Fig.  i6.     In  an  atmosphere 

>  British  Patent  No.  34371  of  1909. 
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free  from  combustible  gas  the  two  bimetallic  strips  are  equally- 
heated  by  the  currents  through  the  platinum  wires  and  bend  alike 
whatever  the  amount  of  heat  from  the  electrical  current  or  other 
source  which  affects  the  two  strips  alike.  But  in  the  presence  of  a 
combustible  gas,  combustion  at  the  surface  of  the  active  wire  causes 
the  adjacent  strip  to  be  heated  to  a  higher  temperature.  This 
results  in  a  movement  of  this  strip  which  closes  the  alarm  circuit 
if  gas  is  present  in  excess  of  the  predetermined  quantity  for  which 
the  apparatus  is  set.  One  of  the  contacts  is  adjustable,  permit- 
ting the  instrument  to  be  set  for  various  percentages  of  combus- 
tible gas. 

The  device  has  been  tried  out  and  found  to  operate  satisf ac{o- 
rily.  It  may  be  made  very  sensitive  to  the  presence  of  a  com- 
bustible gas.  The  instrument  tried  out  at  the  Bureau  could  be 
readily  adjusted  to  sound  the  alarm  at  less  than  o.i  per  cent  of 
hydrogen. 

The  bimetallic  detector  is  especially  adapted  for  use  in  any 
place  in  which  a  sensitive  device  for  alarm  only  is  desired.  It 
can  be  located  wherever  the  detector  bridge  of  a  bridge  indicator 
could  be  placed,  and  its  low  cost  makes  it  available  for  use  in  many 
positions  in  which  the  cost  of  installing  a  bridge  indicator  would 
not  be  justified.  The  instnunent  may  be  made  small,  the  one 
constructed  at  this  Bureau  having  the  dimensions  3  by  5  by  10 
centimeters,  equal  to  about  i  X  inches  by  2  inches  by  4  inches.  It 
is  even  less  subject  than  the  bridge  indicator  to  drafts,  changes 
of  current,  and  other  possible  disturbing  influences.  The  fact 
that  it  will  use  alternating  as  well  as  direct  current  makes  the 
instrument  available  for  use  on  any  power  supply. 

n.  INVESTIGATION  OF  PRINCIPLES  INVOLVED  ' 

1.  COMBUSTION  AT  THE  SURFACE  OF  A  HEATED  WIRE 

(a)  PXTRPOSft  AXTD  METHODS  OF  BXPBRIMBHTS 

In  order  to  design  intelligently  any  of  the  instrtmients  described 
in  the  first  part  of  this  paper,  it  was  necessary  to  determine  with 
some  accuracy  the  most  suitable  materials  for  the  active  and 
inactive  wires;  the  temperature  required  to  cause  combustion 
at  the  surface  of  the  active  wire;  the  relations  between  the  resist- 
ance,  temperature,  current,  diameter,  length,  and  arrangement 
of  wires  in  the  apparatus;  and  the  amount  of  heat  produced  by 
combustion  in  atmospheres  containing  various  amounts  of  com- 
bustible gas  with  each  arrangement. 

86062*'--19 2 
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Methods  of  Study. — Owing  to  the  large  number  and  variety  of 
experiments  made  upon  combustion  at  the  surface  of  heated  wires, 
it  would  be  confusing  to  endeavor  to  present  all  the  methods  em* 
ployed  independently  of  a  discussion  of  the  immediate  objects 
of  the  experiments  and  the  results  obtained.  The  basic  experi- 
ments should  be,  however,  briefly  described  before  giving  in  detail 
the  results  obtained.  Wires  of  various  materials  and  sizes  were 
heated  electrically  in  air  and  in  various  gas  mixtures.  In  each 
experiment  the  heating  current,  /,  and  the  resistance,  R,  of  the 
wires  were  measured.    The  mean  temperatures,  t,  of  the  platinum 
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CURRENT  THROUGH  WIRE  (AMPERES) 
Fig.  i.-^Represeniative  observations  of  combustion  at  the  surface  of  a  heated  wire 

wires  were  determined  from  their  resistance  by  using  the  known 
relation  between  temperature  and  resistance  R^R^{i+At—BV). 
In  the  few  cases  when  it  was  necessary  to  know  the  temperatures 
of  wires  of  other  metals,  these  were  determined  approximately  by 
assuming  the  temperatture  equal  to  that  of  a  platinum  wire  of  the 
same  diameter  heated  by  the  same  amount  of  power.  The  rate 
of  dissipation  of  energy  from  the  wire  was,  of  course,  equal  to  the 
sum  of  the  input  of  electrical  power,  RP^  and  the  rate  of  production 
of  heat  by  combustion,  called  H.  If  we  assume  that  the  rate 
of  dissipation  of  energy  from  the  wire  was  independent  of  small 
changes  in  the  composition  of  the  surrounding  atmosphere,  then 


Combustible  Gas  Detectors 


55 


the 


in  electrical  power  input  required  to  maintain  the 


wire  at  the  temperature  t  with  and  without  combustion  taking 
place  is  equal  to  the  power  input  from  combustion,  H, 

A  group  of  characteristic  curves  representing  the  observation 
upon  a  particular  wire  is  given  in  Fig.  i ,  while  Table  i  presents 
the  numerical  data  for  one  gas  mixture,  together  with  some  of  the 
quantities  of  interest  which  are  computed  from  the  observation. 
The  discontinuity  of  the  curves  in  Fig.  i  is  caused  by  the  fact ' 
that  the  wire  may  be  heated  by  a  fairly  large  current  without 
combustion  taking  place,  but  when  combustion  is  once  started 
it  will  continue  in  some  cases  even  when  the  current  is  reduced  to 
zero.  The  application  of  the  results  of  these  experiments  to  the 
problems  of  design  will  appear  when  the  results  are  described  in 
detail. 

TABUS  1.— Repraseatative  Date  on  Comtrastioii  of  Carboa  Monoddo  at  the  Smifice 
of  a  Piatinmn  YHr^  OJ097  nun  in  Diameter  and  14  an  long  (anumnt  of  carbon  mon- 
oxide in  air  entering  bottle  5*6  per  cent) 
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21.04 
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Apparatus  Used. — ^The  apparatus  used  in  the  experiments  just 
outlined  is  shown  diagrammatically  in  Fig.  2.  The  test  wire  was 
placed  in  a  bottle  28  cm  in  diameter  and  40  cm  high.  It  was  con- 
nected by  copper  leads  about  4  mm  in  diameter  to  the  standard 
resistances  connected  to  form  a  Wheatstone  bridge  as  shown.  A 
steady  stream  of  gas  of  constant  composition  was  passed  through 
the  test  chamber.  A  gas  mixture  of  constant  composition  was 
obtained  by  gearing  together  two  calibrated  wet  meters,  one  of 
which  measured  the  air,  the  other  the  combustible  gas,  and  passing 
the  mixture  from  the  meters  into  a  mixing  bottle  to  reduce  fluc- 
tuations in  composition.  The  composition  of  the  mixture  enter- 
ing the  test  bottle  was  checked  from  time  to  time  by  gas  analysis. 
When  suitable  precautions  were  used,  this  method  was  found  quite 
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satisfax!tory,  the  composition  of  the  mixture  remaining  very  con- 
stant and  agreeing  well  with  the  values  calculated  from  the  meter 
calibrations.  In  the  final  experiments,  samples  of  gas  were  also 
taken  through  a  capillary  tube  from  a  point  very  near  the  wires. 
Gas  analyses  were  made  by  an  ordinary  combustion  method, 
using  a  ICO  cc  burette  graduated  to  o.i  cc  and  a  Levy  combustion 
capillary  of  fused  quartz  containing  a  glowing  platinum  wire. 


Ga«  OutUf 

r 


Fig.  2. -^Apparatus  for  determining  combustion  at  the  surface  of  heated  wires 

Wires  Used  in  Investigation. — Table  2  gives  the  sizes  and  some 
of  the  constants  of  the  wires  used  in  this  investigation. 

TABLE  2 


Desigiiation 

Material 

Diameter 

in 
miHimeterB 

Resistivity 
at  Q*  C, 

microhm 
per  cm* 

Temperatttre  coefficients 

• 

Remarks 

A 

B 

A 

Platinam 

« •  •  •  .00.  •*  «■•«•«. 
.....do. . . ....... 

0.012 
.053 
.097 
.226 
.226 
.226 
.226 
.226 

11.6 

13.8 

10.35 

9.8 

11.1 

2.15 

1.52 

10.0 

0.0036 
.00278 
.00367 
.00382 

0.00000058 
.00000058 
.00000058 
.00000058 

WoUaston  wire. 

B 

C »... 

D 

PaUadimii 

Oold 

Silver 

Nickel 

Accura4:y  of  Observations. — ^The  accuracy  of  the  standard  resist- 
ances and  the  sensitiveness  of  the  galvanometer  used  were  greater 
than  the  general  accuracy  demanded  in  the  investigation.    The 
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resistances  of  the  leads  were  measured  and  taken  into  account 
whenever  of  any  importance,  but  in  most  of  the  experiments  this 
dbrrection  was  entirely  negligible.  The  currents  used  were  never 
large  enough  to  cause  appreciable  errors  due  to  the  heating  of  the 
measuring  resistances.  The  only  appreciable  source  of  error  in 
the  electrical  measurements  was  in  the  observation  of  the  cturent. 
Several  instruments  of  standard  make  and  appropriate  range  were 
used  for  this  purpose  in  the  different  experiments,  and  corrections 
were  always  made  for  the  portion  of  the  current,  seldom  more  than 
r  per  cent,  which  passe^  through  the  ammeter  but  not  through 
the  test  wire.  When  different  ammeters  were  used  for  experi- 
ments made  under  the  same  conditions,  the  corrected  results  were 
always  concordant. 

Without  doubt  the  most  important  source  of  error  was  that 
involved  in  determining  the  amount  of  combustible  gas  present. 
It  was  the  object  of  the  experiments  to  determine  how  much  power 
from  combustion  was  available  for  the  detection  of  the  combustible 
gases.  It  would  have  been  desirable  to  reproduce  the  conditions 
which  would  exist  if  a  heated  wire  were  exposed  to  the  atmosphere 
of  a  large  chamber  containing  a  uniform  amount  of  combustible 
gas  and  free  from  air  currents  other  than  those  caused  by  the  hot 
wire.  However,  because  a  considerable  amount  of  the  combusti- 
ble gas  is  burned  out  of  a  space  the  size  of  the  bottle  used,  the 
composition  of  the  gas  in  the  bottle  is  never  the  same  as  that  of  the 
gas  at  the  inlet.  Passing  gas  into  the  bottle  at  an  accelerated  rate 
makes  the  composition  of  the  gas  throughout  the  bottle  more 
uniform,  but  causes  strong  air  currents  which  may  affect  the  con- 
dition of  the  wire  to  a  considerable  extent.  Analyzing  a  sample  of 
gas  from  a  point  near  the  wire  does  not  entirely  solve  the  problem, 
since  it  is  tmcertain  to  what  distance  the  operation  of  the  wire 
in  an  open  room  would  affect  the  composition  of  the  atmosphere. 

Another  approximation  is  involved  in  the  calculation  of  the 
temperature  of  the  wire,  the  heat  from  combustion  per  unit  length, 
etc.,  from  the  average  resistance  per  unit  length.  There^s  always 
a  cooling  effect  due  to  conduction  through  the  leads.  This 
sotu-ce  of  error  has,  in  most  cases,  been  neglected,  on  account 
of  its  small  magnitude,  the  difficulty  of  correcting  for  it,  and 
because  it  occturs  to  about  the  same  extent  in  the  complete  instru- 
ments as  in  the  test  wires,  and  failture  to  consider  it  has  little  or  no 
effect  upon  the  design  of  the  instruments. 
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(6)  BB8ULT8  OF  BZPBHI1IX1IT8 

Temperature  Coefficient  of  Resistance. — ^Bcfcwe  proceeding  to  a 
detailed  study  of  combustion  at  the  surface  of  a  wire,  it  is  first 
necessary  to  know  the  relation  between  resistance  and  tempera- 
ture for  the  wires  used.  The  temperature  coefficient  of  resistance 
was  determined  over  the  interval  from  o  to  loo*^  C  for  the  wires 
used  in  all  the  more  important  experiments,  and  the  resistance- 
temperature  curve  plotted  to  1200°  C  using  the  formula  Jf— 2?o 
(i  -{-At—Bt^),  assuming  a  value  of  B  equal  to  that  for  pure  plati- 
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TEMPERATURE  (DEGREES  CENTIGRADE) 
Fig.  ^.-^Temperature-f^sisiance  curve  for  piatinnm. 

num.  Above  1200®  the  curve  was  continued  as  a  straight  line.' 
The  temperature-resistance  curves  for  pure  platinum  and  for  wire 
C,  which  was  most  used  in  these  experiments,  are  given  in  Fig.  3. 

Heat  i>oss  from  Wires  in  Air. — ^The  loss  of  heat  from  wires  in 
air  has  been  made  the  object  of  study  by  niunerous  observers 
who  have  proposed  formulas  for  expressing  the  observed  values. 
The  most  generally  accepted  formulas  are  those  due  to  Langmuir  * 
and  to  Lorenz.* 

In  Fig.  4  are  plotted  the  observed  average  heat  loss  per  centi- 
meter from  3.8,  14,  and  31  cm  lengths  of  wire  C  and  an  11  cm 
length  of  wire  A.    As  checks  upon  these  observations  the  heat 


•  Ifsngmulr.  Jour.  Amer.  Chem.  Soc.  28*  p.  1357.  J906. 

»  Ann.  Phys.,  18.  p.  589. 


*  Physical  Review,  M,  p.  401. 
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loss  from  the  larger  wire  calculated  from  Lorenz's  formtila,  and 
the  heat  loss  for  both  wires  calculated  from  Langmuir's  formula 
are  plotted.  The  constants  in  the  Lorenz  formula  were  cal- 
culated from  the  observed  heat  loss  at  400^  C.  In  calculating 
for  both  curves  the  heat  loss  due  to  radiation,  the  values  used  for 
the  emissivity  of  platinum  at  various  temperatures  were  taken 
from  Langmuir's  paper. 

The  observed  heat  loss  for  the  larger  wire  lies  between  the 
values  calculated  from  the  formulas  of  Lorenz  and  of  Langmuir. 
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TEMPERATURE  OF  WIRE  (DEGREES  CENTIGRADE) 
Fio.  4. — Loss  of  heat  from  wires  in  air 

Corves  in  ofdtf  from  top  represent:  (x)  Ofaocryed  loss  from  14  on  length  of  0.097  van.  wire;  (a)  loss  from 
infinite  length  of  aune  wire  «^|fwi«»^*<  kom  T»engninir's  equation;  (3)  observed  loss  fnon  14  and  jx  cm 
lengths  of  same  wire;  (4)  loss  from  infinite  length  of  same  wire  calculated  from  Lorenz's  equation;  (5)  loss 
from  infinite  length  off  o.oxa  mm  wire  ralmlateH  from  I^angmuir's  equation;  (6)  observed  loss  from  0.0x1 
mm  wire. 

It  is  apparent  that,  for  reasonable  lengths  of  wire  the  difference 
between  the  observed  average  heat  loss  at  a  given  temperattire 
and  the  true  heat  loss  is  n^ligible  for  otu-  purposes. 

The  distribution  of  heat  due  to  combustion  is  probably  nearly 
the  same  as  that  due  to  the  electrical  ciurent.  If  this  is  true, 
no  serious  error  due  to  lead  conduction  is  involved  in  the  values 
for  power  from  combustion  per  unit  length. 

Metal  Used. — In  order  to  determine  what  metals  were  most 
suitable  for  the  detector  wires,  platimmi,  palladium,  gold,  silver, 
and  nickel  wires  were  heated  in  mixtures  of  air  with  amoimts  of  j 
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hydrogen  varying  from  a  few  tenths  of  a  per  cent  up  to  and  beyond 
the  explosive  limit.  A  few  of  the  observations  on  wires  0.226 
mm  in  diameter  are  plotted  in  Fig.  5.  It  was  found  that  all 
the  metals  behave  similarly  tmtil  a  temperature  of  about  175®  C 
is  reached.  Above  this  temperature  combustion  takes  place  at 
the  surface  of  both  the  platinum  and  palladitun,  and  the  amoimt 
of  combustion  increases  at  first  very  rapidly  with  rise  of  tempera- 
ture and  then  becomes  nearly  constant.  Since,  when  combus- 
tion begins,  the  rise  of  temperature  due  to  combustion  itself 
raises  the  temperature  of  the  wire  considerably,  the  resistance- 
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ELECTRIC  POWER  INPUT  (WATTS) 

FlG.  ^j-'-Changg  of  resistance  of  heated  wires  of  same  siu  but  of  different  metals  in  air 

and  in  air  containing  s  per  cent  hydrogen 

current  curve  shows  a  decided  break  when  the  temperature 
reaches  a  value  such  that  the  rate  of  increase  of  power  from 
combustion  becomes  greater  than  the  rate  of  increase  of  heat 
loss.  This  temperature  is  for  convenience  called  the  "ignition 
temperatmre,"  although  it  should  be  understood  that  some  com- 
bustion takes  place  below  this  temperature  and  that  combustion 
is  not  necessarily  complete  even  at  higher  temperatures.  In 
I^ig*  5>  the  curves  for  platiniun  and  palladium  in  air  containing 
hydrogen  represent  the  data  obtained  after  heating  to  the  igni- 
tion temperature.  Gold,  silver,  and  nickel  show  no  such  definite 
ignition  temperature;  indeed,  the  effect  of  the  presence  of  hydro- 
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gen  is  only  to  cool  these  metals  until  a  temperature  of  at  least 
six  or  seven  hundred  d^xees  is  reached. 

These  experiments  with  various  metals  show  that  there  is  no 
inherent  advantage  in  the  use  of  palladium  over  platinum  for  the 
combustion  even  of  hydrogen,  and  that  none  of  the  other  metals 
tried  can  be  used  for  active  wires.  On  the  other  hand,  platinum 
has  several  advant£^es  over  palladium;  it  has  a  higher  tempera- 
ture coefficient  of  resistance  causing  a  greater  increment  of  resist- 
ance for  the  same  amount  of  combustion,  it  has  a  higher  melting 
point  and  is  therefore  less  likely  to  be  accidentally  burned  out, 
it  is  much  more  resistant  to  chemical  action,  and  it  is  somewhat 
easier  to  obtain  commercially.  Platinum  has,  therefore,  been 
used  exclusively  for  the  apparatus  recommended. 

Ignition  Temperatures. — ^The  temperature  to  which  a  detector 
wire  must  be  heated  is  determined  by  the  so-called  "  ignition 
temperature"  defined  in  the  preceding  section.  It  was,  conse- 
quently, of  considerable  importance  to  determine  the  ignition 
temperature  of  platinum  in  the  various  gases.  Direct  observa- 
tions for  this  purpose  were  made  with  three  wires,  samples  A,  B, 
and  C,  which  contained  different  amounts  of  impurity,  as  shown 
by  their  temperature  coefficients  given  in  Table  2. 

The  Wollaston  wire  (sample  A)  was  used  immediately  after 
dissolving  the  silver  in  nitric  acid  and  without  previous  heating. 

The  method  of  observation  was  as  follows:  By  very  slowly 
increasing  the  ciurent  through  the  wire,  it  was  gradually  heated 
in  an  atmosphere  containing  the  gas,  the  percentage  of  which 
was  found  to  make  no  difference  in  the  ignition  temperature. 
The  Wheatstone  bridge  was  kept  balanced  at  all  times.  As 
soon  as  the  resistance  of  the  wire  began  to  increase  without 
increase  of  current,  the  resistance  reading  was  recorded  and  the 
corresponding  temperature  was  called  the  ignition  temperature. 
The  values  found  for  hydrogen  are  given  in  Table  3. 

These  observations  served  to  confirm  previous  results,  which 
indicated  that  a  wire  becomes  more  active  after  being  heated  in 
hydrogen  and  that  its  activity  gradually  declines  when  the  wire 
is  left  unheated  for  a  long  time.  New  wires  must  be  glowed  to 
remove  the  film  of  grease  or  other  inactive  material  covering  the 
metal.  No  wire  which  had  once  been  active  was  observed  to 
require  a  temperature  higher  than  330®  C  to  ignite  hydrogen.  The 
ignition  temperature  for  carbon  monoxide  and  for  illuminating 
gas  was  found  to  be  practically  tne  same  as  that  for  hjrdrogen. 

86062*— la — 8 
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If  any  dMerence  exists,  the  lower  temperature  is  required  for  car- 
bon monoxide.  Methane  behaves  somewhat  differently.  Com- 
bustion first  b^;ins  at  a  temperature  of  about  700^  C  and  increases 
so  gradually  with  increase  of  temperature  that  it  is  impossible  to 
assign  any  definite  ignition  temperature. 

TABLE  3.— "lotion  Temperatims"  of  Hydrogen  tt  tfaa  Surfiico  of  Httimim  Wim 
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Heat  of  Combustion. — ^The  total  amotmt  of  heat  from  combus- 
tion at  the  surface  of  a  wire  was  determined  in  the  manner  de- 
scribed and  illustrated  under  the  heading  "Method  of  study." 
The  amount  of  heat  from  combustion  per  lanit  length  of  wire  C  for 
each  per  cent  of  gas  entering  the  test  bottle  is  plotted  in  Fig.  6. 
The  data  represented  by  the  curve  for  hydrogen  include  the  results 
of  over  100  observations  upon  seven  concentrations  of  hydrogen 
in  the  gas  mixture.  The  individual  observations  upon  three  con- 
centrations are  given  in  order  to  show  the  agreement  of  results. 
The  heating  effect  upon  the  wire  of  the  8.2  per  cent  mixture  falls 
off  at  temperatures  above  1000^  C.  This  is  no  doubt  caused  by 
the  fact  that  combustion  takes  place  at  some  distance  from  the 
wire,  and  the  supply  of  hydrogen  to  the  surface  of  the  wire  is 
thereby  reduced.  It  will  be  seen  that  the  amount  of  carbon  mon- 
oxide btuned  is  almost  independent  of  temperature,  while  the 
amount  of  methane  binned  increases  rapidly  with  increase  of 
temperature. 
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Fig.  7  shows  the  results  of  tests  exactly  siniilar  to  those  shown 
in  Fig.  6,  except  that  different  wires  were  used  and  that  samples  of 
gas  drawn  from  a  poinlabout  2  centimeters  below  and  to  one  side 
of  the  wire  were  analyzed  and  the  percentage  found  by  analysis 
was  used  in  computing  results  instead  of  the  percentage  entering 
the  bottle.  It  is  probable  that  the  results  shown  in  Fig.  7  repre- 
sent more  closely  the  amount  of  gas  which  would  be  burned  by  an 
exposed  wire  in  a  laige  room  than  do  those  of  Fig.  6.  This  latter 
figure  may,  however,  better  represent  the  performance  of  a  detector 
partially  inclosed  to  protect  it  from  mechanical  injury,  excessive 
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TEMPERATURE  OF  WIRE 
Flo.  7. — Observed  power  from  combustion  at  the  surfaces  cf  different  wires 

drafts,  or  to  prevent  the  hot  wires  igniting  the  gas  surrotmding  the 
detector.  ^ 

The  above  experiments  lead  to  the  following  conclusions: 

1.  The  power  from  combustion  depends  upon  the  condition  of 
the  surface  of  the  wire  to  some  extent,  but  when  heated  to  a  suffi- 
ciently high  temperattu-e  the  differences  due  to  this  cause  are 
slight  and  the  amount  of  power  from  combustion  is  reproducible. 

2.  The  power  from  combustion  is  proportional  to  the  amount 
of  gas  in  the  surrotmding  atmosphere  tmtil  the  composition  of  the 
mixttu'e  approaches  the  explosive  limit. 
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3.  The  power  from  combustion  increases  with  the  temperature 
of  the  wire,  most  rapidly  in  the  case  of  methane. 

4.  Any  observed  differences  in  the  power  from  combustion 
which  could  be  ascribed  to  differences  in  the  sizes  of  wires  were  of 
the  same  order  of  magnitude  as  the  differences  in  total  heat  loss 
per  second  due  to  the  same  cause. 

Temperature  of  Wires. — Since  neither  the  heat  loss  in  air  nor 
the  power  from  combustion  varies  rapidly  with  size  of  wire,  it  is 
to  be  expected  that  the  temperature  rise  produced  by  combustion, 
which  is  a  function  of  the  ratio  of  the  other  two  properties,  will 
not  depend  greatly  upon  size.  Indeed,  the  process  of  diffusion 
by  which  the  combustible  gas  reaches  the  wire  and  the  process  of 
conduction  by  which  most  of  the  heat  is  removed  are  sometimes 
regarded  as  a  single  phenomenon.  Convection  plays  the  same 
part  in  both  processes,  and  the  effect  of  radiation  from  wires  of 
the  sizes  and  temperatures  with  which  we  are  concerned  is  not 
great.  A  consideration  of  these  facts  leads,  to  the  conclusion  that 
the  temperature  rise  due  to  combustion  must  be  practically  inde- 
pendent of  the  diameter  of  the  wire.  A  considerable  number  of 
experiments  verify  this  conclusion.  The  temperature  rise  for  the 
two  wires  A  and  C,  differing  in  diameter  by  a  factor  of  8,  showed 
a  difference  in  temperature  rise  for  each  per  cent  of  hydrogen  of 
less  than  2  per  cent,  and  this  difference  is  believed  to  have  been 
due  to  the  small  amount  of  platinum  black  left  when  the  silver 
was  removed  from  the  Wollaston  wire. 

2.  COMPENSATED  BRIDGE  INDICATOR 

(a)PRINCZPLSS 

A  single  wire  whose  resistance  is  meastued  by  means  of  a 
Wheatstone  bridge  may  be  used  to  determine  the  amount  of  com- 
bustible gas  in  the  atmosphere,  but  is  not  suitable  for  use  in  an 
automatic  instrument,  because  its  resistance  is  affected  by  changes 
in  the  current  used  to  heat  the  wire  and  in  the  temperature  and 
movements  of  the  atmosphere  surrounding  it. 

In  order  to  overcome  this  difficulty  the  compensated  bridge 
indicator  was  developed.  This  instrument  consists  of  an  equal 
arm  Wheatstone  bridge  in  which  one  pair  of  opposite  arms  is 
active,  while  the  other  pair  is  inactive.  Then  if  the  resistances 
of  all  the  arms  are  equally  affected  by  changes  in  the  conditions 
of  operation,  the  balance  of  the  bridge  will  not  be  affected  by 
such  changes.  In  the  presence  of  a  combustible  gas,  however,  the 
combtistion  heats  the  active  wires,  increasing  their  resistance  and 
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unbalancing  the  bridge.  The  operation  of  a  Wheatstone  bridge 
of  this  kind  can  be  deduced  from  Kirchhoff' s  laws,  and  shows  how 
the  unbalanced  current,  which  causes  the  voltmeter  to  deflect, 
depends  upon  the  resistance  and  sensitivity  of  the  wires,  the  total 
current,  the  resistence  of  the  voltmeter,  etc. 

If  fi  is  the  resistance  of  an  active  wire  and  r,  that  of  an  inactive 
wire,  Kirchhofif's  laws  give  for  the  galvanometer  or  voltmeter 
current 

where  /'  is  the  total  current  and  r  is  the  voltmeter  resistance. 
The  resistances  of  the  wires  change  with  current  and  per  cent  of 
combustible  gas  in  approximately  the  following  maimer: 


'.-/?(i+SX  +  C.^l^) 


Where— 

R  is  the  resistance  of  one  wire  of  the  bridge  when  the  nonnal 
operating  current  /  flows  through  the  bridge  as  a  whole,  when  no 
combustion  is  taking  place,  and  when  the  bridge  is  balanced. 

5  is  the  "sensitivity"  of  the  active  wires,  defined  as  the  pro- 
portional change  in  resistance  with  change  in  percentage  of  com- 
bustible gas  Xs  so  that  5  is  identical  with  dR/Rdx. 

/i  and  /,  are  the  currents  in  the  active  and  inactive  wires, 
respectively. 

Ci  and  C,are  the  coefEbcients,  respectively,  for  the  active  and  in- 
active wire  of  proportional  change  of  resistance  with  proportional 

dR  AT 

change  of  current,!.  e.,C  is  defined  as -^  divided  by  -^ 

Substituting  these  values  in  the  equation  for  the  voltmetet  cur- 
rent and  remembering  that  I^  '^yiiV  —  i)  and  /,  —  >^(/ + i)  one  finds: 


'ARr 


5X+(C,-C,)^^^ 


r+R  +  }iSRX  +  HiC^  +  CO^ 
It  is  seen  from  this  that  one  can  consider  the  unbalanced  voltage 


e 


HRI'  [sx + (C,  -  Q  ^-^^] 
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to  act  on  the  complete  voltmeter  drcuit,  which  has  a  tesbtance 

equal  to 

■  P  ,  (C.+C)  r-R  ■  RSx 

where  <£i±^I:R  fa  an  "apparent  heating  resistance,"  and  ^ 

is  the  increase  in  bridge  resistance  due  to  the  presence  of  the  gas. 

RI^Sx 
When  Ci  equals  Cs  the  unbalanced  voltage  is  simply and 

the  resistance  is  r+R-\ — y — h— - 


RSx 


CVR 


UsuaUy— and  .^  are  only  smaU  parts  of  the  resistance,  so 
that  the  voltmeter  current,  and  hence  the  reading,  is  proportional 
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CURRENT  REQUIRED  (AMPERES) 
FlO.  8.— Cfffren/  required  to  heat  platinum  wires  of  small  diameter  to  various  temperatures 


tnatr 


to  the  sensitivity  of  the  wires  and  the  voltage  across  the  bridge 
and  inversely  proportional  to  the  resistance  in  the  voltmeter 
circuit. 

The  sensitivity  of  a  wire,  unless  very  short  and  large,  is  practi- 
cally independent  of  its  length,  but  varies  with  the  temperature,  as 
shown  by  the  curves  of  Fig.  9.  These  curves  have  been  plotted 
from  the  direct  observations  on  the  resistance  change  in  the  various 
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gases  of  platinum  wires  whose  diameters  varied  from  0.012  mm  to 
0.226  mm.  There  is  some  increase  in  sensitivity  with  diminution 
in  the  diameter  of  the  wire,  but  the  curves  will  give  values  suffi- 
ciently accurate  for  use  in  the  design  of  compensated  bridge  indi- 
cators or  any  other  devices  using  the  resistance  change  as  a  meas- 
ure of  the  amount  of  combustible  gas  in  the  atmosphere. 

The  sensitivity  to  other  gases  and  vapors  has  not  been  accu- 
rately measured,  but  for  ilhiminating  gas,  alcohol  vapor,  gasolene 
vapor,  and  some  other  compounds  it  is  comparable  with  that  for 
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TEMPERATURE  (DEGREES  CENTIGRADE) 

Fio.  0.— Co«^fct#n^  of  fensiHvity  €f  plaHnum  tnr^s 

> 

hydrogen.  It  is  believed  that  there  is  ample  sensitivity  for  the 
detection  of  any  combustible  mixtures  before  an  explosive  condi- 
tion is  reached. 

The  coefficient  C  of  proportional  resistance  change  with  change 
of  current  is  practically  independent  of  the  length  and  diameter 
of  the  wire,  unless  this  is  very  short  and  large,  but  varies  with  the 
temperature,'as  shown  by  the  curve  in  Fig.  10,  which  has  been 
plotted  from  direct  observations  of  the  resistance  change  with 
change  in  current  with  the  wires  in  air.  This  furnishes  a  means 
of  determining  the  value  of  the  coefficient  C  which  the  inactive 
compensating  wires  must  have  if  the  bridge  is  to  be  compensated. 
The  apparent  heating  resistance  CR  can  be  readily  calculated. 
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Although  it  is  possible  to  make  C^  and  C,  exactly  equal  by 
proper  choice  of  active  and  inactive  wires,  in  practice  it  is  better 
to  have  a  slight  difference.  When  Q  is  not  equal  to  C,  the  addi- 
tional unbalanced  volts^e,  i.  e., 

RI'  (C-C)  (I'-D 

2  / 

causes  a  deflection  when  the  current  is  above  or  below  the  normal 
operating  ciurent.    The  magxnta.d&  of  this  effect  is  proportional 


1.4 

t 

A 

.T 

-15 

0 

• 

« 

0 

y* 

.^ 

— ' 

■ 

z 
III 

0 

/ 

/ 

" 

u. 
Ill 
0 

/ 

0 

u. 

0 

/ 

!3 
3 

/ 

t 

/ 

ft 

/ 

- 

. 

* 

••• 


•••     »•• 


CM 


f«f^  «M^  ^M^iOM   iMM^lftM  ..l»«0 


TEMPERATURE  (DEGREES  CENTIGRADE) 

Fk>*  za— C^^^EdSm^  cf  r$suianet  change  cf  snuM  platinum  vfimt  with  chang9  cf  cmnmU 

at  any  temperaturt 

to  the  difference  in  the  coefficients  C^  and  C,.  If  instead  of  choos* 
ing  a  compensating  wire  whose  coefficient  is  exactly  equal  to 
that  of  the  active  wire  a  wire  is  chosen  which  has  a  slightly 
different  coefficient,  it  is  possible  to  make  the  indications  inde- 
pendent of  (instead  of  proportional  to)  the  total  ciurent  for  a 
given  percentage  reading.  This  will,  however,  only  hold  for 
this  percentage,  and  the  deflection  for  percentages  above  and  be- 
low this  will  vary  from  the  correct  values  in  opposite  directions 
with  variation  in  the  current.  The  variation  in  the  readings 
due  to  change  in  cturent  is,  however,  less  than  it  would  be  with 
wires  having  the  same  coefficients. 
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It  can  be  easily  shown  that  to  produce  absolute  compensation 
at  the  percentage  x^  requires  that 

The  coefficient  of  proportional  resistance  change  with  change 
of  current  is  found  to  change  with  the  temperature  and  therefore 
with  the  current  in  such  a  maimer  that  it  is  usually  possible  to 
select  as  the  value  of  the  operating  current  one  which  will  give 
absolute  compensation  in  the  percentage  range  of  special  intoiest. 

(b)  DBStOV  OF  PASTS. 

In  the  design  of  a  compensated  bridge  indicator  to  measure 
a  particular  range  of  percentages  of  a  certain  gas  the  best 
procedure  is  as  follows: 

1.  Choose  a  convenient  diameter  d  of  wire  (0.025  to  o.i  mm). 

2.  From  the  curves  in  Fig.  8  determine  the  current  reqdired 
to  raise  the  wires  to  the  following  temperatures:  For  hydrogen, 
carbon  monoxide,  illuminating  gas,  and  alcohol  vapor,  500^  C; 
for  gasolene  vapor,  700® C;  and  for  methane  and  acetylene,  900**  C. 
The  current  given  in  the  curves  is  one-half  the  operating  current. 

3.  From  the  curves  in  Fig,  9  determine  the  sensitivity  5. 

4.  From  the  curves  in  Fig.  10  determine  the  coefficient  C. 

5.  Choose  a  convenient  length  L  (not  less  than  1000  times 
the  diameter). 

6.  Compute   the  resistance  R  from  the   following  formula: 

l?-i.25Xio-«^ 

where  Z  is  the  ratio  of  the  resistance  of  pure  platinum  at  the 
operating  temperature  to  the  resistance  at  o^  C  obtained  from 
Fig.  3,  and  L  is  the  length  and  D  the  diameter  of  the  wire  in  centi- 
meters. 

7.  Compute  the  unbalanced  voltage  e  from  the  mayimum 
percentage  to'  be  indicated  by  using  the  formula 

RISx. 
e^ 

2 

8.  Compute  the  bridge  resistance  r  by  using  formula 

r^R+CR+—' 

2 

9.  Select  a  voltmeter  which  will  give  full  scale  deflection  on 
the  unbalanced  voltage  computed  in  7  above  when  in  series  with 
a  resistance  grater  than  that  computed  in  8  above. 
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The  effect  of  variations  in  the  design  of  the  instrument  may 
be  determined  in  any  particular  case  from  the  formulas  and 
directions  just  given.  The  following  general  statements  may, 
however,  be  useful: 

Increasing  the  diameter  of  the  detector  wires  diminishes  the 
sensitiveness  of  the  instrument  and  increases  the  operating  current. 
It  is  consequently  an  advantage  to  use  wires  as  small  as  is  con- 
sistent with  mechanical  strength  and  the  difficulty  of  covering 
with  an  inactive  coating. 

Increasing  the  operating  temperature  of  the  vnres  increases 
the  current  required  and  increases  the  sensitiveness  of  the  instru- 
ment. This  is  limited  by  the  temperature  at  which  the  inactive 
wire  becomes  active  and  by  the  stretching  of  the  active  wire  in  a 
high  percentage  of  combustible  gas.  Decreasing  the  operating 
temf)erature  decreases  the  current  required  and  decreases  the 
sensitiveness  very  ra^ndly,  especially  for  methane. 

When  the  bridge  resistance  is  small  compared  with  the  volt- 
meter resistance,  the  sensitiveness  increases  nearly  in  proportion 
to  the  length  of  the  bridge  wires. 

For  compensating  wires  one  may  use  any  wires  which  continue 
inactive,  which  have  the  s^une  resistance  as  the  active  wires,  and 
which  have  nearly  the  same  coefficients  of  change  of  resistance  with 
change  of  current.  As  has  already  been  stated,  the  compensating 
wires  are  most  easily  prepared  by  coating  platinum  with  a  sub- 
stance which  will  render  it  inactive. 

Gold,  nickel,  and  glass  have  been  used  for  this  purpose,  but  the 
metal  coatings  were  f oimd  to  be  less  satisfactory  than  glass  for  the 
three  following  reasons : 

1.  The  metal  c(&tings  are  not  permanent;  volatilization  or 
alloying  or  both  take  place  slowly  until  the  protective  coating 
practically  disappears.  This  may  take  several  months  of  con- 
tinuous service,  but  is  sure  to  occur  in  the  end.  No  such  change 
has  yet  been  observed  with  glass-covered  wires. 

2.  The  metal-plated  wires  are  at  the  same  temperature  as  the 
active  wires  and  cause  combustion  if  the  temperature  is  raised 
sufficiently.  With  such  difficultly  combustible  gases  as  methane 
and  acetylene  the  temperature  range  within  which  the  gas  will  bum 
at  the  surface  of  platinum  and  not  at  the  surface  of  gold  or  nickel  is 
rather  small.  The  glass-covered  wires,  on  the  other  hand,  are  not 
heated  to  such  high  temperatures  in  operation  as  are  the  active 
wires,  and  they  remain  inactive  at  higher  temperatures  than  do 
the  gold  or  nickel  surfaces. 
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3.  The  diflference  in  coeffident  C  between  the  gladSKK>vered  and 
the  bare  platinum  wires  enables  us  to  choose  an  operating  condition 
such  that  the  indications  of  the  instrument  will  be  independent  of 
temperature  at  the  percentage  of  gas  of  most  interest.  Fig.  11 
shows  the  differences  in  behavior  of  a  heavily  glass-coated  and  a 
bare  platintun  w^ire  when  heated  in  air.  It  will  be  observed  that 
practically  perfect  compensation  for  changes  of  current  over  the 
range  0.45  to  0.75  ampere  can  be  obtained  by  making  the  com- 
pensating wires  about  20  per  cent  loi^;er  than  the  active  wires. 
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Fio.  11.— Observed  resistanct  in  air  of  bars  and  gtass-covtred  platinum  loin 

Upper  cunre,  9.5  an  gUsft-covered  wire;  middle  (heavy)  curve,  8  cjn  bare  wire;  lowtf  curve.  8  cm  glass- 
OOTcrcd  wire. 

For  compensating  the  instrument  to  give  readings  independent 
of  current  in  the  presence  of  a  considerable  amount  of  combus- 
tible gas,  the  difference  in  length  need  not  be  so  great  as  this. 

If  the  compensated  bridge  indicator  is  to  be  us^  under  conr 
ditions  in  which  there  is  a  possibility  of  the  gas  mixture  reaching 
the  explosive  proportions,  metal  protective  gauzes  should  be 
placed  between  the  wires  and  the  outside  atmosphere.  Double 
copper  gauzes  24  meshes  per  cm  (60  mesheS  per  inch)  have  been 
found  to  be  satisfactory  even  in  hydrogen-air  mixtures  of  maxi- 
mimi  explosibility.  When  gauzes  are  used  or  when  the  wires  are 
inclosed  in  any  manner  which  obstructs  the  passage  of  the  gas,  the 
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sensitiveness  is  thereby  reduced  somewhat.    This  need  not  be 
serious  and  seldom  exceeds  a  reduction  of  50  per  cent. 

The  wires  of  the  indicator  must  be  so  arranged  as  to  be  equally 
affected  by  motion  of  air  caused  by  drafts  or  convection  currents. 
The  effect  of  drafts  which  may  affect  the  wires  unequally  can  be 
diminished  sufficiently  for  most  work  by  the  use  of  properly 
placed  baffle  plates.  Such  baffle  plates  will  not  affect  the  sen- 
sitiveness of  the  instrument  greatly.  The  combined  effect  of  the 
baffle  plates  and  the  protective  gauzes  on  the  instrument  ^ecified 
in  Section  III  is  to  diminish  the  total  reading  of  the  instrument 
by  a  little  less  than  50  per  cent.  This  is  of  no  consequence  for  the 
purpose  for  which  the  instrument  is  intended,  since  the  sensitiveness 
of  the  type  of  voltmeter  employed  is  so  great  that  a  series  resistance 
has  to  be  introduced  to  increase  its  range,  expressed  as  percent^^e 
of  hydrogen.  

<c)  PBSTBIPTIOII  Ain>  TESTS 

A  considerable  number  of  compensated  bridge  indicators  have 
been  constructed  and  tested.  However,  the  following  description 
of  three  instruments  with  the  results  of  tests  should  suffice  to  show 
that  the  construction  and  operation  are  satisfactory  for  the  limited 
period  covered  by  the  tests. 

Indicator  A . — ^A  simple  compensated  bridge  indicator  was  con- 
structed using  four  platinum  wires  0.0026  cm  in  diameter  and  5.6 
cm  long.  Two  of  these  wires  were  gold  plated  to  render  them 
inactive,  the  gold  plating  being  so  thin  that  the  change  in  re- 
sistance was  less  than  i  per  cent.  The  wires  were  mounted  in  a 
horizontal  plane  parallel  to  each  other  and  1.25  cm  apart  in  a 
rectangular  case  2.5  cm  high,  the  top  and  bottom  of  which  were 
open,  so  that  the  wires  were  freely  exposed  to  the  surrounding 
atmosphere.  A  Weston  miniature  voltmeter  having  3  and  15 
volt  ranges,  with  resistances  of  220  and  iioo  ohms,  respectively, 
was  used  as  the  indicating  instrument. 

By  adjusting  one  wire  the  bridge  was  balanced.  The  detector 
bridge  was  then  placed  in  a  box  supplied  with  a  steady  stream  of 
air  containing,  in  any  experiment,  a  constant  and  known  percent- 
1^  of  hydrogen.  Fig.  12  shows  how  the  reading  changes  with 
change  in  the  percentage  of  hydrogen  in  the  air  entering  the  box. 
It  is  observed  that  concentrations  as  low  as  0.07  per  cent  give  an 
indication,  and  that  the  proportionality  between  reading  and 
percentile  falls  off  only  slightly  at  the  higher  percentages. 

The  effect  upon  the  readings  of  protecting  the  instrument  with 
double  gauzes  and  baffle  plates  is  also  shown.    The  gauzes  com- 
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pletely  covered  the  openings  at  the  top  and  bottom  of  the  rectangu- 
lar case  and  the  baffle  plates  were  parallel  to  these  and  0.75  cm  out- 
side. The  gauze  was  of  iron  wire  0.035  cm  (0.014  inch)  in  diame- 
ter with  1 1  meshes  per  cm  (28  meshes  per  inch) . 

The  reading  of  this  instrument  for  a  given  percentage  was  found 
to  be  practically  proportional  to  the  total  current,  which  is  in 
accordance  with  the  theory  of  the  compensated  bridge  in  which 
the  two  coefficients,  C,  are  equal. 

This  indicator  was  also  tried  out  with  carbon  monoxide  and 
with  illiuninating  gas.     The  indications  for  any  percentage  of 
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carbon  monoxide  was  found  to  be  about  one-half  that  for  the 
same  percenti^  of  hydrogen,  while  illuminating  gas  produced 
an  indication  slightly  greater  than  that  for  the  same  percentage 
of  hydrogen. 

Indicator  B. — ^Fig.  13  shows  a  complete  compensated  bridge 
indicator  which  was  designed  to  indicate  the  percentage  of  hydro- 
gen and  to  sound  an  alarm  when  this  percentage  had  reached  any 
predetermined  value.  The  essential  parts  of  this  indicator  are 
similar  to  those  just  described.  The  bridge  was  made  of  platinum 
wires,  two  of  them  gold  plated,  0.053  mm  in  diameter  and  6  cm 
long,  supported  in  a  hard-rubber  case  fitted  with  double  gauzes  and 
baffle  plates.    The  indicating  instrument  is  a  Weston  millivolt- 
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meter,  the  scale  of  which  was  calibrated  to  read  the  percents^  of 
hydrogen  directly  and  to  which  a  contact-making  device  had  been 
attached.  The  lamp  shows  when  the  detector  bridge  current  is 
flowing.  The  alarm  bell  is  mounted  on  the  back  of  the  board  and 
is  operated  through  the  contact-making  device  on  the  voltmeter 
from  the  main  direct  current  supply. 

The  detector  was  calibrated  and  subjected  to  a  large  ntmiber  and 
variety  of  tests  during  a  period  of  two  months.  Table  4  shows 
some  of  the  results  of  placing  the  detector  bridge  in  a  testing  cham- 
ber supplied  with  a  continuotis  stream  of  hydrogen-air  mixture 
and  comparing  the  indicator  reading  and  the  results  of  analysis  of 
samples  taken  near  the  bridge. 

TABLE  4.— Cftlibntloa  of  Indlcttor  B  bj  Gm  Analjiis 


Par  etot 

l^mmMmi^ 

FKMBt 

fmllfitair 

(•) 

ao 

1.? 

1.7 

1.1 

1.0 

2.0 

2.0 

1.85 

1.9 

1.15 

1.2 

1.85 

1.8 

2.1 

2.1 

2.05 

2.0 

2.2 

2.2 

2.5 

2.5 

2.2 

2.2 

3.7 

4.0 

<>Noliydnigeo. 

The  last  two  tests,  which  were  made  about  two  weeks  after  the 
others,  the  indicator  having  been  in  almost  continuous  service  in 
the  meantime,  showed  that  no  loss  of  sensitivity  or  acctiracy  had 
occurred.  The  detector  was  then  placed  in  continuous  operation 
in  a  battery  compartment  where  it  gave  an  indication  of  hydro- 
gen in  about  the  same  quantity  every  time  the  battery  was  charged. 
After  about  two  months  continuous  service,  however,  the  indica- 
tions of  the  instrument  dropped  off  to  about  one-half  the  amount 
shown  by  analysis,  and  it  was  fotmd  that  the  change  was  due  to 
the  compensating  wires  having  become  active.  The  very  thin 
gold  plating  (the  change  of  resistance  of  the  wire  after  plating 
indicated  a  coating  less  than  2  by  10-*  mm  thick)  was  found  to 
have  disappeared  by  volatilization  or  alloying,  although  the 
fact  that  the  instrument  still  showed  one-half  its  original  sensi- 
tivity was  proof  that  some  gold  still  remained.  The  ultimate 
activation  of  the  gold-plated  wires,  which  was  the  only  observed 
cause  of  change  in  calibration  in  the  earlier  instruments,  has  been 
entirely  overcome  by  the  use  of  the  glass-covered  wires. 
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Several  indicators  have  been  made  using  glass-covered  wires 
and  have,  throughout  all  tests,  given  consistent  results,  and  no 
change  in  calibration  has  been  observed  with  any  of  them  in 
which  fair-sized  wire  was  used  and  was  not  placed  under  tension. 

The  tests  made  on  only  a  sii^le  instrument  with  glass-covered 
wires  will  be  described.  This  instrument  is  designated  as  indi* 
cater  C. 

Indicator  C. — ^The  bridge  of  indicator  C  was  made  up  of  four 
wires  of  commercial  platinum  0.053  mm  in  diameter  and  6  cm 
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OPERATINQ  CURRENT  (AMPERES) 
FlO.  Z4.— O^«fa<io»  cf  indicaior  "C"  with  currgnts  of  difforoni  sirongihs 

long,  two  of  them  coated  with  glass  in  the  manner  described  on 
page  83.  The  bridge  was  used  with  and  without  protective  gauzes 
and  bafBe  plates.  It  was  fotmd  that  the  use  of  the  protection  cut 
down  the  reading  for  a  given  concentration  of  hydrogen  to  one- 
half  the  value  given  by  the  improtected  instrument.  Using  the 
unprotected  bridge,  and  measiuing  the  unbalanced  voltage  with 
a  Weston  portable  millivoltmeter  of  9  ohms  resistance  in  series 
with  191  ohms  additional,  the  readings  shown  in  Pig.  14  were 
obtained.  The  concentration  of  hydrogen  was  determined  by 
analysis  of  samples  of  gas  drawn  from  a  point  just  beside  the 
bridge  frame.  The  figure  shows  how  the  unbalanced  voltage 
changes  with  the  percentage  of  hydrogen  and  with  changes  in  the 
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operating  current.  The  effect  of  the  difference  in  the 
C  and  the  variation  of  this  difference  with  percentage  and  current — 
i.  e.,  with  temperature — is  clearly  observable.  The  unbalanced 
voltage,  calculated  from  the  formulas  .and  curves  given  tmder 
"  Principles, "  for  the  normal  operating  current  of  i  ampere,  agreed 
with  the  observed  value  within  3  per  cent. 

Use  for  Detecting  Other  Gases, — ^The  same  indicator  was  used 
with  certain  necessary  variations  in  the  temperature  of  operation 
and  resistance  of  voltmeter  circuit,  for  testing  for  other  gases.  The 
voltmeter  deflection  for  i  per  cent  of  each  of  the  different  gases 
was  compared  with  the  deflection  caused  by  i  per  cent  of  hydrogen 
arbitrarily  called  100,  with  the  following  results: 

Rdativede- 

fleetum 
ottiaedby 
equal  percent- 
ace  oCgM 

Hydrogen 100 

Illuminatiiig  gas 86 

Methane 106 

Carbon  monoxide 61 

Benzene  vapor 400 

Ethyl-alcohol  vapor 360 

Gasoline  vapor 1140 

Acetone  vapor 438 

The  general  applicability  of  the  detector  is  thus  evident. 

In  some  of  these  experiments  explosive  mixtures  were  formed 
inside  the  detector  case,  but  the  flame  never  penetrated  ftie  gauzes 
to  the  stuTotmding  atmosphere.  The  reading  of  the  detector  when 
the  explosive  mixture  was  formed  was  of  especial  interest,  since  it 
represented  the  greatest  deflection  obtainable  in  the  presence  of 
the  particular  gas.  Again  referring  the  residts  to  hydrogen,  the 
relative  deflections  caused  by  the  explosive  mixtures  were  as 
follows : 

Relative  de- 


caused  by 
e^piosive 
mixtiue 

Hydrogen 100 

Gasoline 139 

Ether 146 

Benzene .  . , 13a 

Acetone 133 

Carbon  monoxide zoo 

These  results,  while  not  of  great  accuracy,  show  that  the  indica- 
tion given  by  the  explosive  mixture  of  a  gas  in  air  is  of  the  same  order 
of  magnitude  whatever  the  gas  may  be. 
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3.  GLOWUffG-WIRS  nVDICAXOR 

The  temperature  at  which  a  platinum  wire  shows  a  visible  glow, 
while  depending  somewhat  upon  the  conditions  of  observation, 
can  be  judged  quite  accurately  under  any  ordinary  conditions  of 
illumination.  Six  observations  were  made  upon  a  31  cm  length 
of  wire  C  by  the  following  method :  The  wire  was  stretched  hori- 
zontally in  an  ordinarily  well-lighted  room,  but  in  a  position  in 
which  the  light  from  the  windows  did  not  fall  directly  upon  it. 
It  was  then  heated  by  a  current  which  was  slowly  increased  imtil 
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color 

the  reflected  light  was  no  longer  noticed  in  comparison  with  the 
radiated  light.  The  resistance  was  then  measured  and  the  tem- 
perattire  cal(nilated,  with  the  following  results  for  the  six  obser- 
vations: 675°,  684'',  684**,  680^,  688**,  690^  C.  The  precision 
with  which  the  temperature  at  the  first  visible  glow  can  be  deter- 
mined is  thus  evident.  * 

It  has  been  shown  by  Lmnmer  and  Kurlbaum  *  that,  at  this  tem- 
perattu-e  a  change  of  i  per  cent  in  the  absolute  temperatiu*e 
causes  a  change  of  about  30  per  cent  in  the  light  emitted.  Taking 
data  from  Fi^s.  4,  7,  and  10,  it  is  found  that  at  this  temperattu:e 
I  per  cent  change  in  current  causes  a  change  of  about  1.3  per  cent 


*  Vcrh.  d.  Dtntich.  Phyi.  Oct.,  II,  p.  89;  1900. 


78  Bulletin  of  the  Bureau  of  Standards  [Vol  is 

in  the  absolute  temperatixre,  or  40  per  cent  in  the  light  emitted; 
whereas  the  presence  of  one-tenth  of  i  per  cent  of  hydrogen  in  the 
atmosphere  about  the  wire  causes  a  temperature  change  of  2  per 
cent  in  the  absolute  temperature  or  60  per  cent  in  the  light  emit* 
ted.  It  is  apparent  from  these  facts  that  the  absolute  tempera- 
ture can  be  easily  determined  from  the  luminosity  of  the  wire  to 
within  2  per  cent.  Consequently  one  should  be  able  to  determine 
the  amount  of  hydrogen  present  in  the  atmosphere  about  the  wire 
to  a  tenth  of  i  per  cent  by  observing  the  cturent  required  to 
make  the  wire  glow. 

An  apparatus  using  this  principle  for  determining  the  amotmt 
of  combustible  gas  is  very  simply  made,  consisting  merely  of  a 
platinum  wire,  an  ammeter,  and  a  source  of  current.  The  appara- 
tus can  be  calibrated  by  observing  the  current  required  to  make 
the  wire  glow  in  atmospheres  containing  various  percentages  of 
combustible  gas.  If  a  concentration  of  gas  greater  than  that 
required  to  keep  the  wire  at  visibility  without  electrical  heating 
is  to  be  measured,  the  amotmt  of  air  reaching  the  wire  must  be 
limited  by  inclosing  in  gauzes  or  by  otherwise  restricting  the 
air  flow. 

The  necessity  for  using  an  ammeter  is  eliminated  in  the  portable 
glowing-wire  indicator  shown  in  Fig.  21.  An  inactive  wire  is 
mounted  beside  the  active  wire  and  is  used  as  a  standard  for 
brightness.  The  15-ohm  rheostat  shown  determines  the  ratio  of 
the  currents  in  the  active  and  inactive  wires,  and  the  lo-ohm 
rheostat  varies  the  tqtal  current.  Since  the  ratio  of  ciurents 
required  to  make  the  two  wires  glow  with  equal  brightness  will 
decrease  with  the  percentage  of  gas  present,  the  15-ohm  rheostat 
can  be  calibrated  in  terms  of  the  percentage  of  gas. 

The  relation  between  the  readings  of  a  glowing-wire  indicator 
having  somewhat  different  electrical  resistances  than  those  above 
specified,  with  analyses  of  the  gas  taken  from  a  point  a  few  centi- 
meters from  the  wire,  together  with  a  diagram  of  connections,  are 
shown  in  Fig.  15.  It  will  be  seen  that  the  greatest  deviation  from 
the  calibration  curve  of  any  single  observation  is  only  o\i  per 
cent  of  hydrogen,  while  the  average  deviation  is  only  a  few 
hundredths  of  a  per  cent. 

4.  BDIBTALLIC  pBTBCTOR 

The  action  of  a  bimetallic  detector  depends  upon  the  tempera- 
ture change  in  a  bimetallic  strip  caused  by  temperatiu^e  changes  in 
a  near-by  wire.    It  would  be  difficult  to  predict  the  temperature 
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change  of  a  strip  produced  by  a  given  temperature  change  of  the 
wire^  and  even  if  this  were  known,  the  movement  of  the  strip 
would  be  difficult  to  compute  since  it  is  a  function  of  the  length 
and  of  the  thickness,  coefficient  of  expansion,  and  elastic  modulus 
of  each  of  the  metals  of  which  the  strip  is  composed.  Fortu- 
nately, the  use  of  an  adjustable  contact  permits  so  wide  a  range 
of  adjustment  that  it  is  unnecessary  to  design  the  instrument  to 
give  any  predetermined  deflection. 

Fig.  16  shows  one  of  these  instruments  made  at  this  Bureau. 
The  bimetallic  strips  used  in  it  were  made  up  from  brass  0.23  mm 
thick  and  a  nickel-steel  alloy  of  the  same  thickness.  The  two 
bimetallic  strips  a  and  6  are  each  attached  at  one  end  to  an  insulat- 
ing support  c  in  such  a  position  that  the  free  ends  of  the  strips  will 
bend  in  the  same  direction  (downward  in  the  drawings)  when 
heated.  One  of  the  strips,  6,  bears  an  insulated  contact  piece,  d, 
which  makes  contact  with  the  free  end  of  a  when  the  free  ends  of 
the  two  strips  are  in  a  certain  relative  position.  By  means  of  per- 
forated mica  disks  e  wires  /  and  g  are  suspended  a  short  dis- 
tance below  strips  a  and  b.  One  end  of  each  wire  is  attached  to 
the  connecting  piece  h.  Wire  /  is  a  platinum  wire  0.05  mm  in 
diameter  coated  with  glass,  and  9  is  a  piece  of  the  same  wire  with- 
out coating.  A  copper  wire  i  connects  the  contact  piece  rf  to  a  bind- 
ing post  and  thence  to  one  terminal  of  an  electric  bell  /,  the  other 
terminal  of  which  is  connected  to  b.  The  screw  k  serves  to  adjust 
the  position  of  6,  and  thus  the  distance  between  the  contact  points 
on  a  and  d.  As  in  the  case  of  the  other  types  of  instruments,  the 
hot  wires  are  inclose4  by  gauzes,  which  permit  circulation  of  air, 
but  protect  the  instrument  from  mechanical  injury,  and  serve 
to  prevent  the  ignition  of  gas  in  the  surrotmding  atmosphere. 

When  an  electrical  cinrent  is  passed  through  the  instrument,  the 
two  strips  a  and  6  are  equally  affected  by  heat  from  the  wires; 
hence  there  is  no  relative  movement  of  their  free  ends.  But  when  a 
combustible  gas  is  present,  it  bums  at  the  surface  of  the  wire  g; 
the  heat  from  combustion  is  transmitted  to  the  adjacent  strip  6, 
which  bends  downward  and  closes  the  contact  between  d  and  a. 
The  wires  /  and  g,  which  have  a  rather  high  resistance,  are  then 
short-circuited  through  /,  and  the  alarm  rings. 

This  instrument  has  been  tried  out  and  fotmd  to  work  satisfac- 
torily. It  is  easily  adjusted  to  make  contact  in  the  presence  of 
0.3  per  cent  of  hydrogen.  With  this  adjustment  it  does  not  make 
ocAtact  at  any  current  when  no  combustible  gas  is  present. 
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In  order  to  test  the  relative  sensitivity  of  the  apparatus  with 
different  currents  flowing,  the  detector  was  placed  in  a  box  having 
a  volume  of  0.2  cubic  foot.    A  stream  of  air  containing  2.5  per  cent 
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of  hydrogen  was  introduced  into  the  box  at  the  rate  of  0.1  cubic 
foot  per  minute,  and  the  time  from  starting  the  gas  until  the 
alarm  rang  was  observed  when  currents  of  0.4, 0.5,  and  0.6  ampere 
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were  passed  through  the  apparatus.  With  0.4  ampere  the  times 
were  8,  10,  and  11  seconds;  with  0.5  ampere,  from  9  to  12  seconds, 
averaging  io>^  seconds,  and  with  0.6  ampere  13  to  14  seconds. 
These  results  indicate  greater  sensitivity  when  only  a  small  cur- 
rent is  used  to  operate  the  instrument,  but  there  is  little  difference 
in  this  respect. 

The  sensitiveness  of  the  instrument  can  be  increased  by  increas- 
ing the  length  or  reducing  the  thickness  of  the  bimetallic  strips. 

m.     SPECIFICATIONS  FOR  THE  CONSTRUCTION  AND 

CALIBRATION   OF  INSTRUMENTS 

1.  COMPBNSATm)  BRIDGE  INDICATOR 
(a)  CONSTRUCnOH  Of  APPARATUS 

The  following  specifications  apply  to  the  compensated  bridge 
indicator  believed  to  be  best  for  general  use.  The  form  is  one 
which  has  successfully  met  every  test  to  which  it  has  been  sub- 
jected in  the  laboratories  of  the  Bureau  of  Standards.  The  com- 
plete equipment  (see  Figs.  13  and  17)  consists  of  as  many  detector 
bridges  as  are  desired,  a  contact-making  voltmeter  and  a  cut-out 
switch  for  each  detector,  a  main  control  switch,  an  indicating 
lamp,  one  ballast  resistance,  one  alarm  bell,  and  the  cables  con- 
necting the  detectors  with  the  switchboard  apparatus.  The  ap- 
paratus may,  of  course,  be  connected  in  a  different  manner  than 
that  shown  in  Fig.  20. 

Detector  Bridge. — ^The  details  of  a  detector  bridge  are  shown  to 
half  size  in  Fig.  19.  The  fotu:  wires  making  up  the  bridge  are 
fused  to  short  pieces  of  copper  wire  of  much  larger  diameter 
and  the  latter  are  soldered  to  f om:  metal  pieces  (a)  screwed  to  the 
insulating  piece  (6).  This  constitutes  the  detector  element  (A). 
The  base  part  (B)  consists  of  a  metal  plate  (c) ,  the  cover  plate  (d) 
having  a  square  opening  covered  with  double  gauzes  and  the 
insulating  piece  (e).  The  parts  are  all  fastened  together  and  the 
four  screws  (g)  extend  downward  and  serve  to  hold  the  detector 
element  {A)  and  the  cover  (c)  in  place.  Four  rubber-covered 
wires  are  lead-soldered  to  the  fotu:  metal  pieces  (a)  and  pass  out 
through  one  side  of  the  insulating  piece  (6).  The  lower  part 
consists  of  the  cover  plate  (h)  with  double  gauzes  and  the  baffle 
plate  (t) .    The  parts  k  and  i  are  similar  to  d  and  c,  respectively. 

To  assemble  the  detector,  the  detector  element  (A)  is  slipped  on 
the  four  projecting  screws  (g)  and  fits  nicely  against  the  insulating 
piece  (e);  the  cover  (c)  is  then  slipped  on  and  the  outside  nuts 
placed  on  the  screws  {g).  The  four  wires  are  then  connected  to 
the  cable. 
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FlO.  17. — Diagram  of  connections  of  indicator  "A 
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The  detector  wires  are  to  be  of  pure  platintim  0.05  mm  or  2  mils 
in  diameter.  Two  of  the  wires  (as  marked)  are  to  be  covered 
with  a  thin  coating  of  **  sealing  in"  glass  as  described  in  the  next 
section. 

In  fusing  the  glass-coated  wires  to  the  copper  leads,  the  greatest 
care  must  be  taken  not  to  reduce  the  glass  at  the  point  of  fusion. 
The  copper  must  be  melted  in  the  reducing  flame  a  few  milli- 
meters from  the  glass-coated  wire,  the  two  ends  brought  quickly 
together,  and  immediately  removed  from  the  flame.  The  wires 
should  be  straight  when  soldered  into  place. 

When  intended  for  use  in  battery  compartments,  the  other 
metal  parts  of  the  detector,  including  the  gauzes,  are  to  be  lead- 
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coated  in  order  to  protect  against  corrosion   by  sulphuric-i 
fumes. 

The  insulating  pieces  (6)  and  (e)  are  to  be  of  hard  rubber  or 
Bakelite  or  any  material  known  to  give  good  service  under  the 
conditions  of  use  of  the  detector. 

Preparation  of  Glass-coated  Wire. — ^A  platinum  wire  is  most 
quickly  coated  by  melting  a  bead  of  sealing-in  glass  in  the  oxi- 
dizing flame  of  a  fine-tipped  blowpipe  and  allowing  it  to  flow 
along  the  wire  three  or  four  times.  The  coating  so  formed  should 
be  quite  smooth  and  not  thicker  than  the  diameter  of  the  wire. 

A  better  method  is  as  follows:  Make  a  hole  twice  the  diameter 
of  the  wire  or  larger  through  a  piece  of  platinum  foil,  thread  one 
end  of  the  wire  through  the  hole  from  above,  lay  a  small  piece 
of  sealing-in  glass  on  the  foil  over  the  hole,  heat  with  the  tip  of  the 
oxidizing  flame  of  the  blowpipe  until  the  glass  is  melted,  and  then 
draw  the  wire  slowly  through  the  melted  glass  and  the  hole 
in  the  strip.  The  wire  comes  out  with  a  rather  thick  coating 
of  glass,  which  incloses  air  between  the  glass  and  the  platinum  at 
many  points  and  does  not  adhere  very  well,  ^ow  make  a  smaller 
hole  through  the  strip  about  1.5  times  the  diameter  ef  the  wire. 
Thread  the  end  of  the  wire  through,  heat,  and  draw  as  before,  but 


84  Bulletin  of  the  Bureau  of  Standards  {Voi.  ts 

without  adding  any  more  glass.  This  second  operation  removes 
most  of  the  air  from  the  glass  and  makes  the  coating  adhere  much 
better.  Finally  anneal  the  coating  by  running  the  wire  slowly 
through  the  very  tip  of  a  blowpipe  flame,  even  beyond  the  point 
at  which  the  flame  is  visible.  The  wire  should  now  be  diflBcult  to 
distinguish  from  the  uncoated  wire  without  the  aid  of  a  magni- 
fying glass.  The  coating  should  adhere  perfectly,  even  when  the 
wire  is  bent  through  a  rather  short  radius.  Sealing-in  glass  must 
never  be  heated  except  in  a  strongly  oxidizing  flame,  since  it  con- 
tains lead  which  is  easily  reduced  to  the  metallic  form  and  will 
alloy  with  the  platinum.  Even  a  very  small  amount  of  lead  will 
change  the  properties  of  the  wire  in  such  a  way  as  to  make  it 
useless. 

Indicating  Instrument, — ^A  contact-making  voltmeter  is  to  be 
provided  for  each  detector  bridge.  This  voltmeter  shotdd  give 
full  scale  deflection  on  0.5  volt  when  in  series  with  25  ohms.  The 
instrument  should  be  of  rugged  construction,  capable  of  being 
mounted  on  a  switchboard  at  the  observing  point.  The  volt- 
meter is  to  be  provided  with  a  contact-making  attachment  which 
closes  an  independent  circuit  when  the  pointer  reaches  a  certain 
position,  fixed  by  an  extra  adjustable  pointer,  which  indicates 
the  percentage  at  which  the  alarm  is  soimded.  The  contact- 
making  attachment  shown  in  Pig.  18  could  be  attached  to  a 
standard  instrument  if  desired. 

Accessory  Apparatus, — ^The  indicating  and  control  apparatus 
for  all  the  detectors  is  to  be  mounted  on  a  switchboard.  On  the 
front  of  the  board  are  one  main  switch,  one  indicating  lamp,  the 
contact-making  voltmeters,  and  one  cut-out  switch  for  each  of 
the  latter.  The  ballast  resistance  and  the  alarm  bell  can  be  placed 
on  the  back  of  the  switchboard. 

The  indicating  lamp  serves  to  show  when  the  detectors  are  in 
operation.  A  6- volt,  lo-watt  ttmgsten  lamp  is  suitable  for  this 
purpose. 

The  ballast  resistance  should  be  made  similar  to  any  of  the 
reliable  resistance  imits  in  common  use.  The  total  resistance  is 
to  be  determined  by  the  number  of  indicators  and  the  voltage  of 
the  supply  circuit,  and  should  be  such  that  i  ampere  will  flow 
through  the  circuit  when  all  the  detectors,  the  indicating  lamp, 
and  the  ballast  resistance  are  connected  in  series. 

The  switches  are  to  be  capable  of  handling  i  ampere  at  no 
volt§  tmder  the  conditions  of  use.  Ordinary  snap  switches  will 
usually  serve  the  purpose. 
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The  alarm  bell  can  be  of  any  approved  type,  operating  at  the 
voltage  of  the  supply  chxniit,  or  a  relay  may  be  connected  in 
place  of  the  bell  and  used  to  operate  any  mechanism  desired. 

Connections. — ^The  apparatus  for  a  four-station  equipment  may 
be  connected  as  shown  in  Fig.  20.  If  more  or  less  than  four  sta- 
tions are  installed  together,  the  method  of  wiring  would  be  sim- 
ilar. The  bridges  may,  of  course,  be  connected  in  parallel  and  a 
separate  alarm  may  be  used  with  each  if  desired. 

The  connections  between  the  parts  of  the  apparatus  are  made 
with  conductors  not  smaller  than  0.8  mm  (or  No.  20  American 
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wire  gage)  copper  wire.  A  fotur-conductor  cable  is  used  to  con- 
nect each  detector  to  the  switchboard  apparatus.  The  connec- 
tions between  the  cable  and  the  wires  from  the  detector  must  be 
well  made,  suitably  insulated,  and  protected  from  mechanical 
injury. 

Calibration. — ^The  detector  bridge  is  balanced  for  a  current  of 
I  ampere  when  in  air  containing  no  combustible  gas.  This 
may  require  a  slight  adjustment  of  the  length  of  one  or  more  of 
the  detector  wires. 

The  scale  of  t^e  indicating  instrument  is  calibrated  by  com- 
parison with  gas  analyses.  This  is  accomplished  by  operating 
the  detector  in  a  chamber  of  convenient  size,  through  which  a 
stream  of  air  containing  a  constant  percentage  of  combustible  gas 
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is  passed  at  a  constant  rate  until  the  reading  of  the  indicator  is 
constant.  A  sample  of  air  is  then  drawn  from  a  point  near  the 
detector  case  and  analyzed  by  any  reliable  method.  Since  the 
detector  reading  is  very  nearly  proportional  to  the  amount  of  gas 
present,  it  is  often  sufficient  to  determine  one  point  in  the  scale, 
and  it  will  never  be  necessary  to  determine  more  than  two  or 
three  points. 

If  the  instrument  is  to  be  used  only  to  indicate  danger  from 
explosion,  the  following  method  of  calibration  is  easy  and  should 
be  sufficiently  acctu*ate:  Divide  the  scale  of  the  indicating  instru- 
ment into  equal  parts,  reading  from  o  to  the  explosive  limit  of 
the  gas,  place  the  detector  in  an  atmosphere  containing  a  known 
percentage  of  the  gas  equal  to  about  three-fourths  the  explosive 
percentage,  and  adjust  the  resistance  in  series  with  the  voltmeter 
tmtil  the  reading  is  correct. 

A  continuous  stream  of  gas  mixture  of  known  and  uniform 
composition  can  be  obtained  by  the  use  of  geared  meters,  as  shown 
in  Fig.  2.  To  use  this  method  successfully,  it  is  best  to  have 
meters,  one  of  which  passes  only  about  one-tenth  the  volume  of 
gas  per  revolution  that  is  passed  by  the  other.  The  gas  pressure 
on  the  meter  passing  the  smaller  volimie  of  gas  should  be  gov- 
erned very  accurately  (within  a  few  millimeters  of  water  pressure) 
and  the  governor  should  pass  a  considerable  volume  of  gas  with- 
out any  appreciable  change  in  pressure.  The  connections  from 
the  meters  through  the  mixing  and  testing  chambers  to  the  outiet 
should  be  large  enough  so  that  there  will  be  no  considerable  back 
pressure  upon  the  meters  at  the  rate  of  flow  used. 

Operation. — When  connected  up  as  directed,  it  is  only  necessary 
to  close  the  main  switch  to  put  the  indicators  in  operation.  As 
long  as  the  indicator  lamp  is  lighted  and  the  bridges  are  balanced 
there  is  no  probability  that  an3rthing  is  wrong  with  the  instruments. 
K  the  indicator  lamp  goes  out,  the  cut-out  switch  for  each  instru- 
ment should  be  closed  in  turn.  If  the  lamp  lights  up,  the  bridge 
then  "  cut  out "  is  at  fault  and  should  be  repaired,  the  other  instru- 
ments remaining  in  service  until  this  is  accomplished.  If,  for  any 
reason,  it  is  su^)ected  that  oil  or  other  impurity  may  have  reached 
the  active  wires  and  rendered  them  inactive,  they  should  be  heated 
to  a  high  temperature  for  a  minute  or  two  by  increasing  the  current 
through  the  instruments  to  1.5  amperes.  This  current  will  not 
injure  the  detector  and  will  remove  any  probable  impurity  which 
would  render  the  wires  inactive.  When  the  bridge  is  first  used, 
the  wires  must  always  be  "  glowed  "  in  this  manner. 
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3.  OLOvrao-wntE  isdicatim. 

Fig.  21  shows  the  details  of  constructum  and  a  diagram  of 
connections  for  a  portable  glowing-wire  indicator  of  the  form 
believed  to  be  most  suitable  for  general  use.  The  followit^  speci- 
fications apply  to  this  instrument: 

Wires. — The  active  and  inactive  wires  are  to  be  of  pure  platimun 
0.05  mm  (2  mils)  in  diameter  and  2  cm  long.  One  wire  is  made 
inactive  by  coating  with  "seallng-in"  glass. 


FlO.  91. — PortabU  gloving-^rt  indiealoT 

Cap. — ^A  cylindrical  cap  covered  with  double  protective  gauzes 
with  25  meshes  per  cm  or  60  meshes  per  inch  and  containing  a 
glass  or  mica  observing  window  is  to  be  provided  as  shown.  The 
portion  of  the  cap  opposite  the  window  is  to  be  blackened  to  afford 
a  dark  background  for  observing  the  wires.  The  cap  is  to  be  held 
in  postion  by  the  end  plug,  which  can  be  removed  to  allow  access 
to  the  wires. 

Rheostats. — ^The  rheostats  are  to  be  made  by  winding  resistance 
wire  of  constantan  or  other  equally  good  resistance  material  on  the 
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insulating  core.  Bakelite  is  a  suitable  material  for  the  core.  The 
sliding  contacts  must  make  good  electrical  connections  between  the 
rheostat  wires  and  the  outside  brass  tube. 

Battery. — The  battery  should  be  capable  of  furnishing,  at  some 
position  of  the  series  rheostat,  0.9  ampere  total  current.  From 
five  to  nine  small  cells,  such  as  are  used  with  pocket  flash  lights, 
should  be  satisfactory.  Provision  should  be  made  for  readily 
opening  the  battery  case  for  renewing  the  battery. 

Calibraiion, — ^The  portable  glowing-wire  indicator  should  be 
calibrated  in  the  following  manner: 

1.  With  the  indicator  in  a  gas-free  atmosphere  and  shaded  from 
any  very  bright  light,  adjust  the  two  rheostats  so  that  the  two 
wires  are  equally  bright.  Mark  the  position  of  the  slide  of  the 
15-ohm  rheostat  as  0.0.  In  making  this  and  all  other  settings,  the 
brightness  at  which  the  most  consistent  settings  can  be  made 
should  be  used.  This  will  be  when  the  radiated  light  from  the 
wires  is  just  distinctly  visible. 

2.  With  the  indicator  in  atmospheres  containing  known  per- 
centages of  the  gas  to  be  tested  for,  adjust  the  positions  of  the  rheo- 
stats until  both  wires  show  the  same  brightness  as  before.  Mark 
the  positions  of  the  slide  on  the  15-ohm  rheostat  with  the  known 
percentage  of  gas.  Unless  great  accuracy  is  desired,  it  will  be 
unneccessary  to  determine  more  than  three  points  on  the  scale. 
One  of  these  is  the  position  corresponding  to  no  combustible  gas 
present;  one  the  position  and  percentage  corresponding  to  no 
current  through  the  active  wire.  The  concentration  for  the  third 
point  should  be  equal  to  about  80  per  cent  of  that  required  to 
keep  the  active  wire  glowing  without  electrical  heat. 

3.  A  scale  should  be  marked  on  the  brass  tube,  using  the  ob- 
served positions  as  reference  marks  and  making  the  divisions 
between  reference  marks  equaL 

3.  BQCBTALLIC  DSTBCTOR 

Specifications  are  given  below  for  a  bimetallic  detector  believed 
to  be  suitable  for  operating  an  alarm  at  small  percentages  of  all 
combustible  gases.  Fig.  16  shows  details  of  construction  and  a 
diagram  of  connections. 

Wires. — The  active  and  inactive  wires  are  to  be  of  pure  plati- 
num 0.05  mm  (2  mils)  in  diameter,  and  about  15  cm  long.  The 
one  wire  is  to  be  rendered  inactive  by  means  of  a  thin  coating  of 
"  sealing-in "  glass.    The  wires  are  to  be  supported  i  mm  below 
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the  bimetalUc  strips  by  means  of  small  perforated  mica  pieces 
spaced  about  2.5  cm  apart. 

A  small  flexible  wire  is  to  be  provided  to  make  connection  be- 
tween the  insulated  contact  block  mounted  at  the  end  of  one  strip 
and  the  binding  screw  to  which  one  terminal  of  the  alarm  is  to  be 
connected. 

Bimetallic  Strips. — ^The  length  and  width  of  the  bimetallic 
strips  should  be  as  shown  in  tibie  figure.  The  thicfcuess  depends 
upon  the  material  used»  which  should  be  such  that  the  end  of  a 
piece  10  cm  long  will  move  5  mm  when  the  temperature  of  the 
strip  is  changed  50^  C.  A  bimetallic  strip  made  from  brass  0.25 
mm  thick  firmly  fastened  to  a  strip  of  a  nickel*steel  alloy  0.25 
mm  thick  operated  satisfactorily. 

Other  Details. — An  adjusting  screw  is  to  be  provided  equiva- 
lent to  the  form  shown,  for  varying  the  distance  between  the  con- 
tacting points  in  order  to  vary  the  percentage  at  which  the  alarm 
will  operate. 

A  case  is  to  be  provided  with  openings  covered  with  double 
gauzes  of  25  meshes  per  cm  (60  meshes  per  inch). 

The  detector  is  to  be  so  arranged  that  electrical  connections  to 
the  source  of  current  and  to  the  alarm  can  be  readily  made. 

Calibration. — ^The  operating  ciurent  is  to  be  0.5  ampere  if  hydro- 
gen, carbon  monoxide,  illuminating  gas,  or  the  vapor  of  most 
organic  liquids  is  to  be  detected,  but  0.7  ampere  if  methane  is  to 
be  detected. 

The  screw  should  be  adjusted  so  that  contact  is  not  made  when 
the  normal  operating  current  is  flowing  and  no  combustible  gas  is 
present,  but  so  that  it  just  operates  when  the  device  is  placed  in  an 
atmosphere  containing  the  percents^  of  the  gas  which  it  is  de- 
sired to  detect. 

Washington,  April  18,  191 8. 
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L  INTRODUCTIOK 

Since  BOhler  discovered  in  1903,  on  cooling  certain  alloy  steels^ 
the  phenomenon  of  a  new  and  lower  temperature  transformation 
than  the  usual  AX3-2-1  obtained  by  increasing  the  maximum 
temperattire  (T  max.)  to  which  the  material  was  heated,  a  con- 
siderable amount  of  work  has  been  published,^  connecting  this 
phenomenon  with  a  large  number  of  dissimilar  steels  of  high  alloy 
content.  From  the  fact  that  the  transformation  divides  itself, 
taking  place  at  two  widely  separated  temperattu-es,  it  has  been 
called  a  split  transformation.  The  significant  facts  established  by 
recent  investigators  *  are  (a)  that  when  the  transformation  occurs 
at  the  higher  temperature,  Ar',  troostite  or  a  decomposition 
product  is  formed  and  (6)  that  when  the  transformation  occurs 
at  the  lower  temperature,  Ar'',  the  resulting  structure  is  marten- 
site.  The  temiinology  Ar'  and  Ar",  adopted  here,  is  that  of 
Portevin.* 

^  Yatsevitch.  Rev.  de  ICcC,  15,  fi.  tii  X918,  Bibliography  to  191  f. 

*  Dejcan,  Rev.  de  McC,  t4»  p.  64X:  19x7.    Portevin,  ibid.,  14,  p.  707;  19x7-    Edwards,  J.  Iron  and  Steel 
Inst.,  M,  p.  XZ4;  X9x6. 

*  Fortcvin,  loc.  cit. 

106435*— 10  gi 
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n.  PREVIOUS  INVESTIGATIONS 

Revie^nng  the  work  on  this  subject  ^  published  in  a  recent 
issue  of  Revue  de  Metallurgie  and  referring  in  particular  to  his 
statement  that  martensite  is  a  solution  of  carbide  in  alpha  iron, 
H.  Le  Chatelier  says: 

How  then  can  a  tHeory  already  20  years  old  demand  new  investigatians?  The 
reason  for  it  is  that  we  have  not  succeeded  in  proving  directly  the  real  presence  of  the 
transformation  of  iron  during  the.  very  short  duration  of  the  quenching.  The  fall  joi 
temperature  takes  place  at  the  rate  of  several  hundred  degrees  per  second  and  the 
observation  of  phenomena  so  rapid  requires  particularly  sensitive  methods  of  record- 
ing. I  have  attempted  without  success  to  observe  the  moment  of  the  reappearance 
of  the  magnetic  property  during  the  quenching  of  bars  15  mm  square,  but  the  inequali- 
ties of  temperature  from  one  point  to  another  in  the  mass  conceal  the  phenomenon. 
M.  Chevenard ',  in  working  on  wires  of  a  diameter  zoo  times  smaller  and  using  as  a 
characteristic  of  the  transformation  of  iron  the  change  of  length  instead  of  the  varia- 
tion of  mi^etism,  has  surmounted  for  the  first  time  the  difficulties  which  seemed  at 
first  view  insurmountable,  and  he  has  done  it  with  an  extreme  preciskm.  The  thermal 
measurements  of  Porte vin  and  Garvin*  and  of  Dejean^  lead  to  the  same  conclu- 
sions, although  in  a  fashion  less  direct. 

The  results  presented  here  add  further  confirmation  of  the 
theory  of  Le  Chatelier,  though  in  a  less  direct  maimer  than  those 
of  Chevenard.  Thermal  and  microscopic  data  are  brought  for- 
ward here  to  establish  the  effect  of  rate  of  temperature  change  on 
the  temperattire  and  nature  of  the  transformations  in  a  steel  of 
the  composition  C,  1.75;  Mn,  0.26;  Co,  2.90;  Cr,  15.0. 

Similar  work  has  been  done  by  Edwards  ^  on  a  steel  of  the 
composition  C,  0.63;  Cr,  6.15;  Si,  0.07;  Mn,  0.17. 

However,  he  arrives  at  the  conclusion  that — 

The  maximum  hardness  was  obtained  when  the  thermal  transformation  had  been 
entirely  prevented,  and  when  this  was  accomplished  the  steel  was  purely  martensitic 
in  structure. 

The  present  work  fails  to  confirm  this  statement,  as  does  that 
of  the  investigators  already  referred  to.  Edwards  was  unable 
to  observe  the  transformation  Ar''  with  the  formation  of  marten- 
site,  probably  for  the  reasons  given  by  Rosenhain  •  in  his  dis- 
cussion of  Edwards'  paper. 

Yatsevitch,*®  Dejean  ^\  and  Honda  "  have  used  two  or  three 
cooling  rates  in  their  experiments  with  var3dng  T  max.,  and  their 
results  show,  as  do  Edwards's  that  the  transformation  split  occurs 
for  lower  values  of  T  max.  with  faster  cooling  rates. 

*  Le  Chatelier.  Rev.  de  Met.,  14,  p.  6oz;  19^7.  *  Roaenluin,  J.  Iron  uid  Steel  Inst.,  9S,  p.  X47;  19x6. 

*  Chevenard,  Rev.  de  Met.,  14,  p.  6x0;  19x7.  *<*  Yatsevitch,  loc.  dt. 

*  Portevin  and  Garvin,  Rev.  de  Met.,  14,  p.  607;  Z9Z7>  ^*  Dejean.  loc.  cit. 

*  Dejean.  Rev.  de  Met.,  14,  p.  641;  Z9Z7'  "  Honda  and  Murakami,  Sd.  Rep.  Xoboku  Imp. 

*  Edwards,  loc.  dt.  Univ.,  6,  p.  235;  19x8. 
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The  previous  investigators  in  this  field  have  laid  particular 
stress  on  the  variation  of  T  max.,  the  rate  remaining  constant,  , 
while  the  variation  of  rate,  T  max.  remaining  constant,  has 
received  little  attention.  The  present  work  attempts  to  apply  * 
the  latter  method  to  the  investigation  of  an  alloy  steel  with  the 
object  in  view  of  correlating  the  results  of  that  method  with  those 
«  of  the  former  and  to  establish  the  relationship  between  the  several 
phenomena  observed. 

m.  EXPERIMENTAL  METHOD 

The  method  employed  for  obtaining  the  thermal  curves  was 
to  heat  the  samples,  attached  to  the  hot  jimction  of  a  0.5  mm 
diameter  platinum,  90  platinum-io  rhodium  thermocouple,  in  an 
electric  vacutmi  ftunace,  taking  potential  measurements  on  a  dial 
potentiometer  and  meastuing  the  time  interval  on  a  chronograph, 
as  described  in  the  Bureau  of  Standards  Scientific  Paper  213. 
The  furnace,  however,  was  one  recently  built  at  the  Btueau, 
a  modified  form  of  the  one  described  by  Rosenhain  "  and  in  use 
at  the  National  Physical  Laboratory.  This  furnace,  which  will 
be  described  at  a  later  date,  was  admirable  for  the  purpose  at 
hand,  as  extreme  rates  of  temperature  change  can  be  obtained 
with  smooth  curves  over  long  ranges. 

IV.  THERMAL  CURVES 

The  ciu^es  of  Figs,  i  and  2  were  plotted  by  the  inverse  rate 
method  from  readings  taken  every  0.02  millivolt  (approximately 
2°  C)  except  for  several  extremely  fast  rtms,  which,  however,  are 
plotted  on  that  basis. 

The  curves  of  Fig.  i  are  a  preliminary  series  taken  on  sample  A 
of  about  10  g  mass  to  locate  the  transformation  ranges  and  with- 
out fully  knowing  the  characteristics  of  the  material.  The  data 
for  the  curves  of  Fig.  2  were  taken  on  sample  B,  mass  0.81  g, 
keeping  T  max.  constant  and  extending  th^e  observations  to  lower 
temperatitfes  than  for  sample  A.  The  values  given  for  rate  of 
temperature  change  were  reduced  from  the  inverse  rate  curve 
observations  taken  on  heating  just  before  Acj-5  and  on  cooling 
midway  between. Ar'  and  Ar". 

The  transformations  as  designated  on  the  ctirves  of  Figs,  i  and  2 
are  Ac/,  an  evolution  of  heat  on  heating  a  sample  previously 
cooled  at  a  rate  that  gave  Ar";  Ac^,  the  magnetic  transformation; 
Ac  I- J,  the  transformations  Acr  and  Acj  merged  or  nearly  super- 
imposed; Ar',  the  upper  transformation  of  the  split  Ar  trans- 
formations; and  At",  the  lower  transformation.  The  temperature 
values  of  these  transformations  are  collected  in  Table  i. 

"  Rosenhain.  Init.  of  MetaK,  18,  p.  264;  xpxs* 
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The  appropriateness  of  the  transformation  notation  Aci-j  and 
Act  will  be  seen  from  the  dfccussion  of  those  transformations. 


iuo/^i?i44^o/s^ue?^j^   Jo    B^n^i?^^c/u/s^j^ 


IVo  values  for  the  maximum  transf orpiation  temperature  indicate 
a  double  peak.  In  Fig.  3  the  temperature  values  of  Ac j-j,  Ar', 
and  Ar"  given  in  Table  i  are  plotted  against  rate  of  temperature 
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change  in  degrees  c^itig^ade  per  second.  No  attempt  is  made  to 
interpret  the  double  peaks,  and  the  lines  representing  Ar'  and  Ar'' 
in  Fig.  3  are  rather  arbitrarily  drawn  through  the  higher  values. 

V.  EFFECT  OF  COOLING  RATE 

An  inspection  of  the  cooling  curves  of  Figs,  i  and  2  shows  that 
Ar'  is  the  normal  A13-2-1  of  slow  cooling  rates,  but  that  it  grad- 
ually dies  off  in  intensity  with  increasing  rate.  While  Ar'  is  falling 
off  in  intensity,  the  transformation  Ar'^  comes  into  existence  and 
gains  in  intensity,  being  a  maximum  for  rates  that  do  not  show  Ar'. 

This  region  over  which  both  Ar'  and  Ar"  occur,  as  shown  in 
Fig.  3,  will  be  called  the  critical  cooling  range.  Its  limits  were 
roughly  determined  as  0.15  and  0.70®  C  per  second,  by  plotting  a 
measure  of  the  transformation  intensities,  obtained  by  a  method 
tobe  described  in  a  subsequent  section,  against  rate  and  extending 
a  straight  line  through  the  values  back  to  zero. 

The  reinarkable  change  in  properties  caused  by  this  very  slight 
change  in  rate  is  represented,  when  the  same  phenomenon  is 
observed  on  varying  T  max.,  by  the  considerable  temperature 
variation  of  approximately  300°  C  for  some  high-speed  steels.^* 

The  fact  that  the  split  transformation  occiu-s  with  a  constant 
value  of  T  max.  shows  that  it  is  unnecessary  to  hypothecate  a 
dissociation  of  the  carbide  (or  carbides)  to  explain  this  phenom- 
enon. 

1.  MICROSTRUCTURE »»      • 

To  establish  the  structtu-al  difference  between  the  material 
cooled  at  a  rate  that  gave  Ar'  and  one  that  gave  Ar"  and  the  anal- 
ogy to  the  phenomena  obtained  by  var3ring  T  max.  for  this  steel, 
micrographs  were  taken  of  samples  cooled  at  several  definite  rates 
of  cooling.  The  micrograph,  Fig.  4,  taken  after  cooling  at  a  rate 
of  o.oi  ^  C  per  second,  Ar'  only  occurring,  shows  an  irregular  mass 
of  fine  carbide  particles,  corresponding  to  pearlite  in  carbon  steels 
and  distinct  from  the  coarse  particles  of  free  carbide,  in  a  ferrite 
matrix.  Figs.  5  and  6,  micrographs,  taken  of  samples  cooled  at 
rates  of  0.30  and  0.33®  C  per  second,  respectively,  show  character- 
istic black  troostite  patches  on  a  background  of  martensite.  With 
those  cooling  rates  the  transformations  Ar'  and  Ar"  were  both 
obtained.  Fig.  7,  which  is  of  sample  A  following  a  cooling  rate 
of  0.71  °C  per  second,  shows  a  martensitic  structtu'e  although  the 

1*  Honda  tmd  Murakami,  loc.  dt ;  Carpenter,  loc.  dt. 
u  Micrograpfas  by  H.  S.  Rawdan. 
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4. — Cooling  rate,  0.01°  C  per  tecond.      Transformaltott  At' 
Miwnification  locm.    Etched  in  ipnnnt  HNOiumlcoliiit 


.30"  C  per  stcond.     Transformalion  A  K  and  A  r" 
laeu.    Etched  in  1  permit  HNOtiaakshol 


0.33'  C  per  second.     Tramformation  A  r'  and  At" 
KBCS.    Etchcdiaipscent  HNOtlDBlcchDl 


Fig.  7. — Cooling  rate,  0.71"  C  pet  second.     Trans/onnaUon  .At" 
UaenifiadiMi  lom.    Etdud  in  1  pn  cent  UNOi  in  Mltobol 
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needleUke  markings,  characteristic  of  high-carbon  steels,  are  only 
sUghtly  evident. 

The  conclusions  to  be  drawn  from  the  preceding  microscopic 
evidence  are  that  troostite  or  a  decomposition  product  forms  with 
the  transformation  Ar'  aiid  martensite  with  the  transformatioh 
Ar^',  precisely  what  obtains  when  the  same  transformations  are 
observed  in  other  alloy  steels  with  varying  T  max. 


/>> 


2.  RELATION  OF  "Ar'"  TO  "Ar^ 

The  radical:  structural  difference  between  the  pEiaterial  showing 
Ax'  and  that  showing  Ar'^  pfestmies  a  similar  radical  difference 
in  the  trahsformations  Ar'  and  Air''.  To  demonstrate  thb  pic^- 
bility  of  this  difference,  the'  intensities  of  the  transformations 
Aci-5,  Ac2,  Ar'*  and  Ar''  have  beep  estimated  by  means  of  a 
planimeter  measuring  the  area  of  the  positive  departure  of  the 
thermal  cufv<^  from  the  assumed  neutral  body  curves  through  .thje 
respective  transformation  ranges.  The  results  given  in -Table  2 
show  a  well-m^ked  loss  in  intensity  of  the  sum  of  the  areas  of  Ar/ 
and  Ar"  at  the  cooling  rate  1.20*^  C  per  second,  which  gives  Ar" 
above.  On  the  assumption  that  Ar ' '  is  no  new  transformation  other 
than  Arj,  2,  or  i,  the  conclusion  is  that  some  one  or  more  of  the 
transformations  Arj,  2,  and  i  constituting  Ar'  is  suppressed. 

TABLE  2.— Areas  of  Thermal  Curves  in  Square  Millimeters  Corresponding  to  Hea 

Effects  of  Transformations  in  Sample  B      - 


Run 


Tint.. 

Smoiu 
Tblid. 


ritth. 
Btiai. 


Blgfafh 

Average. 


AtVS 


36 
40 
IP 
64 
60 
72 
72 


Ac5 


74 
66 
68 

64 
64 
72 


68 


Ac/'^+ 

translor- 

itaatleii 

Aef 


110 

106 
108 
.128 
124 
144 


120 


Ooqiinc 
rate,  de- 


leee-per 
second 


3.40 
1.20 
.60 
.50 
.43 
.17 
.09 
.06 


At* 


26 

38 

56 

100 

lao 

116 


Ar" 


84 
72 
60 
48 


Ar'trant- 

forma- 
Cfan+Ac" 


84 
98 
99 
104 
100 
120 
116 


Z.  SUPPRESSION  OF  <<  Arj 


>» 


The  preceding  conclusion  agrees  with  the  generally  accepted 
conception  that  martensite  is  a  solid  solution  of  ceineritite  in  spme 
form  of  iron.  This  means  that  An  is  suppressed  with  the  for- 
mation of  martensite  and  further  evidence  is  not  wanting.  The 
transformation  intensities  indicate  that  a  heat  efiFect  of  the  mag- 
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nitude  of  Arj  is  missing  at  Ar".  The  work  of  Honda  on  the  mag- 
netic properties  of  tungsten  steels  in  a  paper  before  the  Septem- 
ber meeting  of  the  Journal  of  the  Iron  and  Steel  Institute,  how- 
ever, shows  that  the  carbide  is  retained  in  solution  at  Ar"  for  the 
carbide  in  solution  does  not  tmdergo  the  transformation  Ao.  The 
transformations  Ac^  and  Ac  x-j  offer  still  further  subtstantiation 
to  which  attention  wiU  be  called  in  their  discussion. 

There  still  remains  the  possibility  that  one  of  the  other  trans- 
formations, Arj  or  2,  is  suppressed.  This,  however,  is  mani- 
festly impossible,  for  Aj  and  A2  coincide  when  Aj  is  depressed 
below  the  normal  temperattu-e  of  A2  ^*  and  xnartensite  is  mag- 
netic. The  magnetic  curves  of  Honda  and  Murakami  ^\  taken 
on  a  number  of  tungsten  steels  showing  a  split  transformation  with 
increasing  T  max.,  also  indicate  the  occurrence  of  A?  at  Ar''. 

The  conclusion  that  must  therefore  be  adopted  is  that  Ar  j  is 
suppressed  with  the  formation  of  martensite,  or  that  Ar''  con- 
stitutes the  transformations  Arj  and  2. 

VL  TRANSFORMATIONS   ON  HEATING 

The  thermal  curves  of  Pigs,  i  and  2  show  two  transformations 
Ac  j-j  and  Ac^  occurring  uniformly  within  narrow  temperature 
limits  and  a  transformation  Act  occturing  only  following  certain 
cooling  rates.  The  identity  of  Ac^  is  established  by  its  markedly 
characteristic  shape  and  its  uniform  occurrence  at  about  780^  C 
which  is  in  close  proximity  to  its  maximum,  768°,  in  pure  iron. 
This  phenomenon  of  Acj  occturing  above  Ac2  in  alloy  steels  is 
not  new  and  has  been  well  established  by  Moore  "  for  a  chromitmi 
steel.  The  transformation  Acj-j  hardly  needs  identification, 
although  attention  should  be  called  to  its  sluggish  ending  which 
indicates  that  the  transformations  concerned  do  not  completely 
coincide.  This  is  further  illustrated  by  the  change  in  area  of  the 
peak,  which  is  evidently  Aci  from  the  effect  of  previous  cooling 
rate  on  its  position,  with  the  temperattu'e  of  its  occurrence. 

1.  TRANSFORMATION  "Ace" 

The  transformation  Act  is  indicated  by  an  inflection  to  the  left 
which  denotes  an  evolution  of  heat  on  the  heating  curve  and  occm*s 
over  a  considerable  temperature  range.  It  is  a  maximum  follow- 
ing cooling  rates  that  give  Ar"  alone,  and  loses  in  intensity  fol- 
lowing decreasing  rates  through  the  critical  cooling  range,  becom- 

^  RcmdA  and  Tftkagi.  Sd.  Rep.  Toholra  Imp.  Unhr..  •,  p.  324;  19x8. 

"  Honda  and  Murakami,  loc.  dt. 

IB  Moore,  J.  Iron  and  Steel  Inst.,  81,  p.  a68;  19x0. 


Sofdi  Transformations  in  an  Alloy  Steel  99 

ing  zero  when  Ar'  alone  occurs.  It  is  therefore  roughly  propor- 
tional in  intensity  to  Ar'^  or  the  amount  of  martensite  present. 
By  its  analogy  to  tempering  the  conclusion  may  be  drawn  that 
Ac^  represents  the  precipitation  of  the  carbide  in  solution  to  form 
at  first  troostite  and  as  it  progresses  the  coarsening  of  the  carbide. 

This  phenomenon  of  a  heat  evolution  on  heating  steels  that 
show  Ar"  was  observed  by  Carpenter"  on  differential  thermal 
curves  with  which  T  max.  was  varied  and  connected  with  tem- 
pering. 

The  nature  of  Act,  a  gradual  building  up  of  the  heat  evolution 
over  a  long  temperature  range,  may  throw  some  light  on  the 
spontaneous  heat  evolution  and  also  the  change  in  other  physical 
properties  of  quenched  steels  as  observed  by  Hadfield  and  Brush  ^®, 
by  Matsushita  *S  and  by  Campbell ".  The  indications  are  that 
the  transformation  starts  to  a  minute  degree  at  very  low  temper- 
atureSy  possibly  at  ordinary  temperatures,  particularly  in  carbon- 
steels  which  temper  at  lower  temperatures  than  alloy  steels. 

The  existence  of  Ac;  as  an  evolution  of  heat  following  cooling 
rates  that  give  Ar"  is  further  confirmation  of  the  suppression  of 
Ar J  with  the  formation  of  martensite. 

2.  EFFECT  OF  PREVIOUS  COOLINQ  RATE  ON  « AU-S '» 

It  will  be  seen  on  examining  Pig.  3  that  practically  all  the  tem- 
perature values  for  the  maximum  of  Acz-j  lie  on  two  smooth 
curves.  The  data  of  Table  i  show  that  the  runs  which  correspond 
to  the  numbers  on  the  upper  curve  were  obtained  following  cool- 
ing rates  that  gave  Ar'  predominant  and  those  on  the  lower  curve 
following  cooling  rates  that  gave  Ar''  predominant.  The  tem- 
peratiu-e  interval,  10**  to  15®  C,  between  those  two  etudes  may 
therefore  be  attributed  to  the  state  of  division  of  the  carbide 
resulting  from  the  previous  heat  treatment. 

The  phenomenon  noted  in  the  preceding  paragraph  offers  still 
fiulher  substantiation  of  the  suppression  of  Ar'  with  the  forma- 
tion of  martensite. 

It  may  be  of  interest  to  note  that  the  curves  of  Fig.  3  drawn 
through  the  temperature  values  of  Ac  1-5  and  Ar'  do  not  point 
toward  a  common  equilibrium  temperatiue  Aez. 

**  Qtrpenter,  J.  Iron  and  Steel  Inst..  67,  p.  433;  X9Q5. 
^  Hadfield  and  Brush,  Proc.  Royal  Soc.,  96,  p.  188;  19x7. 
»  Matsuahxtft,  Sci.  Rep.  Tohoku  Imp.  Univ.,  7.  p.  43;  19x8. 
»  Campbell,  Reprint  J.  Iron  and  Steel  Inst.,  68«p.  4211  X9z8. 
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Vn.  SUMMART 

The  results  of  previous  investigators  have  been  taken  to  show 
that  with  the  occurrence  of  a  split  transformation  on  cooling  alloy 
steels  from  increasingly  higher  temperatures  (a)  that  when  the 
higher  temperature  transformation  Al'  is  observed  with  low 
values  of  T  max.,  troostite  or  a  decomposition  product  results 
and  (b)  that  when  the  lower  temperature  transformation  Ar''  is 
observed  with  high  values  of  T  max.,  martensite  is  the  resulting 
product. 

The  present  investigation  has  shown  for  a  certain  alloy  steel 
that  on  varying  the  rate  of  cooling,  the  maximtan  temperattu'e 
remaining  constant,  a  strictly  analogous  phenomenon  is  observed, 
increasing  rate  of  cooling  having  the  same  effect  as  increasing 
Tms^x. 

Conclusions  are  drawn  to  the  effect  that — 

(a)  The  transformation  Ar'  consists  of  the  transformations 
Arj,  2,  and  r. 

(6)  The  transformation  Ar"  consists  of  the  transformations 
Ar5  and  2. 

(c)  The  transformation  Arj,  suppressed  when  Ar''  is  observed, 
occurs  on  heating  as  Ac^  with  an  evolution  of  heat  and  this  forma- 
tion of  troostite  or  a  coarser  condition  of  the  carbide. 

(d)  The  maximum  of  the  transformation  Acj-5  occurs  at  a 
higher  temperature  when  the  previous  cooling  rate  gave  Ar'  than 
when  it  gave  Ar''. 

The  author  desires  to  express  his  indebtedness  to  H.  S.  Rawdon 
for  the  xaicrographic  work  and  to  Miss  P.  L.  Thompson  for  her 
skillful  assistance  in  preparing  the  experimental  data. 

Washington,  December  23,  191 8. 
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A  SIMPLinCATION  OF  THE  INVERSE-RATE  METHOD 

FOR  THERMAL  ANALYSIS 


By  P.  D.  Merica,  Physickt 


One  of  the  most  useful  and  at  the  same  time  least  commonly 
used  methods  of  thermal  analysis  for  the  determination  of  trans- 
formations in  metals  and  alloys  consists  in  the  recording  of  the 
time  intervals  required  for  successive  increments  of  temperature 
change  during  heating  or  cooling,  the  temperature  of  the  furnace 
which  contains  the  specimen  being  altered  at  a  uniform  rate. 
The  curve  obtained  by  plotting  these  time  intervals  as  a  fimction 
of  the  mean  temperature  of  the  specimen  during  the  interval  is 
called  the  inverse-rate  curve.  It  is  probably  due  to  the  fact 
that  no  simple  and  convenient  method  has  apparently  been 
available  for  the  measurement  of  the  successive  time  intervals 
that  this  method  has  not  been  so  generally  used  as,  for  example, 
the  differential  method,  for  which,  in  addition,  several  types  of 
automatic  or  semiautomatic  apparatus  have  been  designed. 

Whenever  this  method  has  been  used  the  intervals  have  usually 
been  measured  with  the  use  of  a  chronograph.  Its  operation  as 
practiced  at  the  Bureau  of  Standards*  is  as  follows:  The  tem- 
peratmre  of  the  specimen  is  measured  by  thermocouple  and  dial 
potentiometer;  the  operator  sets  the  potentiometer  at  suc- 
cessive values  of  the  emf ,  differing  by  equal  increments,  usually 
0.02  millivolt,  and  records  the  exact  instant  on  the  chronograph, 
by  pressing  a  contact  key,  at  which  the  galvanometer  coil  passes 
through  its  null  position.    Two-second  intervals  are  also  recorded 

1 0.  K.  Burgess  and  J.  J.  Crowe,  Critical  Ranges.  Aa  and  A3  ot  Pure  Ifon.  this  Bulletin,  10  (Scientific 
No.  3x3);  19x3. 
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on  the  same  chronograph  record,  and  the  number  of  seconds 
elapsing  between  successive  signals  is  afterwards  counted  from 
the  record  and  plotted  as  a  function  of  the  emf ,  or  of  the  tem- 
perature. 

This  method  is  an  admirable  one,  and  by  it  most  minute  thermal 
arrests  may  be  detected,  but  it  requires  the  use  of  a  good  chrono- 
graph, which  is  generally  difficult  to  obtain,  and  the  time  of  one 
operator  dining  the  recording  and  subsequently  to  read  the 
intervals  from  the  record.  The  latter  operation  often  takes 
from  one  to  two  horn's.  There  is  here  suggested  a  simple,  con- 
venieilt,  and,  it  is  believed,  equally  acciu-ate  method  of  recording 
the  successive  time  intervals  by  which  the  expense  of  chrono- 
graph and  the  time  of  one  operator  in  counting  the  chronograph 
record  may  be  eliminated.  The  remainder  of  the  apparatus, 
consisting  of  fmnace,  thermocouple,  and  potentiometer,  is  used 
exactly  as  in  the  former  method. 

Two  stop  watches  are  used,  which  may  conveniently  be  mounted 
in  a  small  frame  to  be  held  in  one  hand,  a  finger  being  placed  on 
each  stem.  During  the  **  run  "  the  operator  sets  the  potentiometer 
and  marks  the  instant  at  which  the  galvanometer  is  at  zero  by 
pressing  the  stems  of  both  watches  simultaneously,  stopping  dne 
at  the  end  of  the  interval  which  it  has  measured  and  starting  tlie 
other  upon  its  measurement  of  the  next.  The  interval  is  read 
and  recorded  upon  a  suitable  blank  sheet,  the  hand  of  this  watch 
returned  to  its  zero  position,  and  the  potentiometer  set  at  the 
next  value.  The  operation  is  repeated  for  each  successive  interval. 
The  intervals  so  recorded  are  afterwards  plotted  directly  as  a 
f imction  of  the  emf. 

Fig.  I  shows  the  inverse-rate  curves  for  two  complete  **runs,' 
including  the  heating  and  the  cooling  curve,  made  on  pure  iron. 
Both  A3  and  A2  are  indicated  on  the  first  set  of  curves,  only  A2 
on  the  second  set.  In  each  case  the  intervals  were  recorded  both 
with  the  stop  watches  and  with  the  chronograph  in  the  usual 
manner;  the  curves  marked  c  were  taken  with  chronograph, 
those  marked  w  with  stop  watches.  It  is  evident  that  there  is 
little  difference  in  the  smoothness  of  the  two  sets  of  curves  or  in 
the  accuracy  or  precision  of  measurement  of  the  time  interval. 

A  general  consideration  of  the  acciu-acy  of  the  stop  watch  also 
indicates  that  the  precision  of  measiu^ment  by  stop  watch  is 
sufficient  for  the  purposes  of  thermal  analysis.  It  is  only  rarely, 
perhaps  once  in  a  hundred  times,  that  a  stop  watch  is  not  accu- 


Mwrtea] 


Inverse-Raie  Method  for  Thermal  Analysis 


103 


rate  to  within  one-fifth  of  a  second,  and  its  maximum  error  is 
two-fifths  of  a  second.  It  is  found  that  the  variation  of  successive 
intervals  of  time  measured  in  the  inverse-rate  method,  due  to 
actual  non-uniform  rate  of  cooling  or  heating  of  the  furnace,  or  to 
inaccuracy  of  the  operator  in  signaling  the  moment  when  the 
potentiometer  is  balanced  is  of  approximately  the  same  value; 
that  is,  one-fifth  of  a  second.     It  is  therefore  not  necessary  to 
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Fig.  I. — Heating  and  cooling  inverse-rate  curves  of  pure  iron  taken  (C)  with  chronograph , 

and  (HO  Vfith  stop-ioatch 

obtain  the  greater  precision  of  time  measurement  which  is  unques- 
tionably possible  by  the  use  of  the  chronograph. 

When  the  ordinary  dial  t3T>e  of  precision  potentiometer  is  used, 
the  operator  has  sufficient  time  for  all  of  the  operations  necess^y : 
setting  the  potentiometer,  reading  and  recording  the  time  interval 
from  the  watch,  within  an  average  interval  of  15  seconds.  This  is 
recommended  for  usual  conditions. 

The  curves  recorded  above  were  taken  with  a  cheap  variety  of 
stop  watch,  costing  about  $10.     It  does  not  appear  that  a  more 
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expensive  watch  is  necessary.  It  is,  however,  not  advisable  to 
use  the  tfp^  of  stop  watch  which  has  also  the  usual  hour  and 
second  hands,  as  the  presence  of  so  many  indicating  hands  will 
only  confuse  the  operator,  who  is  obliged  to  read  quickly  and  can 
not  take  much  time  in  recognizing  the  stop  hand. 

The  author  acknowledges  the  assistance  of  Miss  H.  G.  Movius 
in  obtaining  the  cmves  described  above. 

Washington,  March  12,  1919. 
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CONSTrrunON  and  METALLCXa^APHY  OF  ALUMI- 
NUM AND  ITS  UGHT  ALLOYS  WITH  COPPER  AND 
WITH  MAGNESIUM 


By  P.  D.  Merica,  R.  G.  Wahenbag,  and  J.  R.  Fieeman,  jr. 


COlfTBNTS 

I.  Intnxiuctioii 105 

II.  Ooostitution  of  commercial  altmiinum xo6 

III.  Solubility  of  CtiAl)  in  aluminum  at  different  temperatures zxx 

Effect  of  tnftgtM^^intn  on  the  solubility  of  CfiAl,  in  altuninum X15 

IV.  Solubility  of  Mg^Al^  in  aluminimi  at  different  temperatures XX5 

V.  Solubility  of  metals  and  metal  compounds  in  aluminum zx8 

VI.  Summary  and  conclusions 1x8 

I.  INTRODUCTION 

Aluminum  and  its  alloys  have  been  the  subject  of  much  inves- 
tigation ^  during  recent  years,  in  the  course  of  which  the  principal 
features  of  the  constitution  of  most  of  the  binary  alloy  systems 
with  aluminum  have  been  determined! 

Except  in  the  case  of  a  few  metals — siUcon,  bismuth,  cadmium, 
leady  zinc,  and  tin — an  aluminum-rich  compound  is  formed  in 
each  binary  system,  which  forms  a  eutectic  with  the  aluminum 
or  its  solid  solution  with  this  compotmd.  Thus,  such  com- 
pounds as  FeAl,,  CuAl,,  Mg^Al,,  and  NiAl,  are  formed,  which  are 
found  in  aluminum-rich  alloys  of  their  respective  series  as  eutec- 
tics  with  the  aluminum  solid  solution.  These  compounds  are  in 
all  cases  hard  and  brittle  and  their  presence  affects  profoundly 
the  physical  properties  of  the  alloys  in  which  they  occur.  Within 
the  zinc-aluminum  system  a  compound,  Al^Zn,,  is  formed  which 
decomposes  at  lower  temperattues. 

Silicon  and  tin  each  form  a  simple  eutectiferous  series  with 
aluminum.  Bismuth,  lead,  and  cadmium  are  only  partially  mis- 
cible  in  the  liquid  state  with  aluminum. 

*  Discussioa  and  bibliosraphy  of  the  literature  dealing  with  aluminum  and  its  alloys  will  be  found  in 
Circular  of  the  Buican  of  Standards,  No.  96;  1919. 
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The  extent  of  the  solubility  in  aluminum  in  solid  solution  of 
these  compounds  or  of  the  elements  'themselves  in  the  case  of 
those  series  in  which  compounds  are  not  formed  is  of  the  greatest 
importance  in  considering  the  effect  of  these  compounds  or  ele- 
ments upon  the  physical  properties  of  aluminum-rich  alloys. 
Whether  the  compound,  CtiAl,,  is  dissolved  in  the  aluminum  in 
an  aluminum-rich  alloy  or  is  in  the  form  of  a  hard  and  brittle 
constituent  distributed  throughout  the  mass  must  be  a  ques- 
tion of  primary  importance  in  a  consideration  of  the  mechanical 
properties  of  the  alloy. 

Reference  to  the  equilibrium  diagrams  of  the  binary  aluminum 
alloys  as  they  are  established  to-day  shows  that  with  a  few  excep- 
tions the  solubilities  of  these  compounds  either  have  not  been  deter- 
mined with  any  exactness  or  not  at  all.  Only  the  solubility  of 
zinc  and  that  of  CuAl,  in  aluminum  have  received  any  attention, 
the  former  at  two,  the  latter  at  only  one  temperature;  reference 
is  made  to  these  determinations  below.  In  many  other  cases  an 
estimate,  at  best  unsatisfactory,  has  been  made  from  thermal 
analysis  of  the  position  of  the  end  of  the  eutectic  horizontal  line 
or  arrest. 

The  authors  have  imdertaken  to  determine  the  solubilities  of 
a  number  of  these  compotmds  at  different  temperatures  and 
thus  to  establish  the  missing  solubility- temperature  curve  of  these 
compounds  in  the  equilibrium  diagram.  This  paper  deals  with 
the  solubility-temperature  curves  of  CuAl,  and  of  Mg^Al,,  and  inci- 
dentally with  the  solubility  of  FeAls  and  the  condition  and  solu- 
bility  of  silicon  in  aluminum ;  later  determinations  will  be  reported 
on  the  ctuves  for  MnAl,  and  NiAl,. 

n.  CONSTITUTION  OF  COMMERCIAL  ALUMINUM 

Commercial  ingot  alumintun  contains  from  0.2  to  0.5  per  cent 
each  of  iron  and  of  silicon  as  impurities,  which  are  at  least  par- 
tially visible  under  the  microscope.  Pigs,  i  and  2  show  the 
microstructures  of  two  compositions  of  aluminum  ingot  at  a  low 
magnification;  the  grains  of  aluminum  are  partly  surrounded  by 
particles  of  other  constituents,  the  amoimt  of  which  is  greater  in 
a  composition  having  higher  content  of  total  impurities.  In 
Figs.  3,  4,  and  5  are  shown  microstructures  of  the  same  mate- 
rials at  higher  magnification. 

The  microstructure  of  aluminum  and  of  its  light  alloys  is  best 
developed  by  careful  grinding  and  polishing,  followed  by  etching 
with  a  dilute  solution  of  sodium  hydroxide;  the  authors  prefer  one 


Fra.   I. — Part  alutninum  (At-j)   amlaitang  Ft,  0.24 
per  cent;  Si,  0.14  ber  cenl  (etched  with  o.i  btr  cent 


Flo.  9. — Commercial  ingot  aluminum  (AI-s)  containing 
Fe,  O.J  per  cenl;  Si,  o.z  per  cenl  (etched  -with  o.i  per 
cenlNaOH).     X'OO 


FlO.  3. — Pare  aluminum  ingot  containing  Fe,  O.If  per 
cent;  Si,  0.12  per  cenl,  showing  fine  particles,  probMly 
of  coTutituent  X.     XISO" 
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of  0.1  per  cent,  with  the  addition  of  approximately  10  per  cent 
alcohol.  Such  a  solution  does  not  etch  deeply  enough  to  develop 
the  grain  boundaries  but  it  does  bring  out  quite  well  the  various 
other  constituents  found  in  altuninum  and  its  Ught  alloys  which 
are  often  in  such  fine  distribution  that  they  are  obliterated  by 
heavier  etching  with  more  concentrated  solutions  of  sodium 
hydroxide  or  of  hydrofluoric  acid  which  are  more  conmionly  used. 
As  much  care  must  be  used  in  the  grinding  and  polishing  of  the 
metal  as  in  its  etching  in  order  to  seeing  the  best  results,  the  grind- 
ing with  the  finer  grades  of  emery  paper  must  be  done  with  the 
aid  of  some  lubricant  such  as  parafiin,  oil,  or  simply  alcohol,  and 
best  results  are  obtained  by  polishing  with  alumina  on  suitable 
cloth  moistened  with  alcohol.  The  subject  of  the  preparation  of 
aluminum  for  microscopic  examination  is  discussed  in  two  papers 
by  R.  J.  Anderson.' 

The  constitution  of  the  binary  alloys  of  iron  with  aluminum  has 
been  investigated  by  Owyer.'  The  compotmd  FeAl,  forms  a 
eutectic  with  aluminum  at  649^  C;  its  composition  is  unknown, 
but  it  contains  tmdoubtedly  a  low  percentage  of  iron — i  to  2  per 
cent.  Gwyer  did  not  determine  the  solubility  of  FeAlg  in  alumi- 
num, but  noted  that  it  was  very  slight 

The  most  complete  investigations  of  the  equilibrium  of  binary 
alloys  of  silicon  and  aluminum  were  made  by  Frankel^  and 
Roberts;^  the  latter  investigation  confirming  the  first  one  in  prac- 
tically all  respects.  According  to  these  investigations  no  com- 
pound is  formed  in  this  series;  the  two  elements  form  a  eutectic 
at  about  15  per  cent  silicon  and  576^  C;  the  solubiUty  of  silicon  in 
alumintun  is  given  as  less  than  0.5  per  cent. 

It  was  necessary  for  the  authors*  work  on  the  solubility  of 
CuAl,  and  Mg^Alt  that  they  first  be  able  to  identify  the  various 
constituents  which  would  be  present  in  alloys  of  aluminum  with 
these  metals.  On  comparing  the  microstructures,  therefore,  of 
several  different  compositions  of  aluminum  in  the  light  of  these 
investigations  of  the  equiUbrium  between  aluminum  and  iron  and 
alununum  and  silicon  it  was  possible  to  identify  a  light  >bluish 
constituent  occurring  in  all  compositions  as  PeAl,;  this  is  shown 
in  Pig.  4.     In  compositions  having  less  than  about  0.2  per  cent 

*  R.  J.  Andenan,  The  Metallosraphy  of  Aluminum,  Chem.  and  Met.  Engineering,  18,  p.  17a.  19x8;  and 
Joomal  ol  the  Franklin  Institute.  187.  p.  z.  19x9. 

*  A.  Gwyer,  Constitution  of  Bmary  Alloys  of  Aluminum  with  Iron,  Copper,  Nickel,  Cobalt,  Lead,  and 
Cadmium,  Zeit.  anorg.  Chem.,ft7,  p.  113;  1908. 

*  W.  PrHakel,  SiUcon-Aluminum  AUoyt,  Zeit.  Miort.  Chem.,  S8,  p.  154;  1908. 

B  C.  B.  Roberts,  Silioon-Aluminum  AUoys,  Trans.  Chem.  Soc.,  106,  p.  1383;  19x4. 
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of  silicon  no  other  constituent  was  noticed  in  the  etttectic  islands; 
in  those  having  this  amount  or  more  of  silicon  a  second  con- 
stituent, slightiy  darker  than  the  FeAl,,  was  noticed.  This  is 
shown,  together  with  the  FeAl,,  in  Fig.  5.  In  order  to  be  more 
certain  of  the  identity  of  these  two  constituents  of  the  eutectic 
islands,  samples  were  prepared  from  a  relatively  pure  aluminum, 
called  Al-i,  containing: 

Percent 

lion o.  15 

SiliooQ 12 

Copper 02 

With  the  addition  of  more  silicon  and  of  more  iron  the  micro- 
structure  of  these  samples  showed  that  as  the  silicon  was  increased 
the  darker  constituent  increased  in  amount,  whereas  as  the  iron 
increased  the  amount  of  the  -  lighter  one  increased  in  amount. 
Fig.  6  shows  the  two  constituents  in  a  sample  containing  2  per  cent 
each  of  iron  and  silicon.  It  was  at  first  assumed  that  this  darker 
constituent  was  crystallized  silicon,  in  accordance  with  the 
equilibrium  diagram.  However,  the  results  of  thermal  analyses 
made  on  30  g  samples  of  different  compositions  of  aluminum  did 
not  bear  this  conception  out. 

Cooling  curves  of  the  inverse-rate  type  on  four  different  compo- 
sitions of  aluminum  are  shown  in  Fig.  7.  The  temperature  of  the 
FeAlg-aluminum  eutectic  arrest  is  indicated  clearly  on  each;  it 
is  lower  with  increasing  silicon  content.  The  sample  Al-i,  con- 
taming  only  0.12  per  cent  of  silicon,  showed  no  other  arrest  be- 
tween this  temperature  and  ordinary  temperature;  this  specimen 
contained  only  the  one  eutectic ;  that  is,  that  with  the  constituent 
identified  as  FeAlj.  The  other  compositions  of  higher  silicon  con- 
tent show  a  lower  arrest  at  610*^  C,  quite  constant  in  temperature; 
the  intensity  of  the  arrest  increases  with  the  increase  in  silicon 
content.  None  of  these  compositions  showed  an  arrest  at  576®  C. 
The  appearance  of  the  arrest  at  610®  C  corresponds  with  the 
appearance  of  the  darker  constituent  in  the  eutectic  in  small 
amounts.  With  higher  amounts  of  silicon,  therefore,  a  thermal 
arrest  is  found  at  about  576^  C,  corresponding  to  the  silicon- 
aluminum  eutectic  (and  this  was  confirmed  by  the  authors) , 
which  is  not  found  in  aluminum  of  low  silicon  content ;  in  place  of 
the  576®  C  arrest  is  found  one  at  610°  C. 

The  evidence  seems  to  point  to  the  fact  that  the  second  and 
darker  constituent  found  in  the  eutectic  islands  in  aluminum  is 
not  silicon,  but  a  compound  of  tmknown  composition,  either  of 
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Fio.     4. — Commercial     alvminvm    (Al-i),     thawing 
euteclks  of  FeAl^  and  of  constiltuni  X,     Xiooo 


Fig.  6. — Alloy  containing  2  per  cent  each  of  iron  and 
tilicon.  The  Ivio  constituents.  Si  {dark)  and  the  FeAl 
(light)  are  readily  distinguished.     Xiooo 
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iron  and  silicon  alone,  or  of  these  with  aluminum;  it  will  hence- 
forth be  referred  to  as  X  (AlFeSi) .  The  ternary  liquidus  smf aces 
must  have  somewhat  the  form  shown  in  Fig.  8.     Within  the  area 


Fig.  8. — Suggested  form  of  liquidus  surfaces  of  ternary  system  aluminum-iron-silicon 

near  aluminum  end 

Al-abcd  aluminum  separates  from  the  liquid;  along  the  line  ab 
eutectic  of  FeAl,  and  aluminum ;  along  the  line  dc  eutectic  of  sili- 
con and  aluminum;  along  the  line  be  the  eutectic  of  aluminum  and 
the  compound  X;  at  the  points  b  and  c  of  invariant  equilibrium 
two  binary  eutectics.  This  view,  of  course,  remains  to  be  con- 
firmed by  a  necessarily  much  more  extensive  study  of  the  ternary 
equilibrium;  it  appears  at  present,  however,  to  be  the  only  con- 
sistent interpretation  of  the  facts. 

Another  feature  of  the  structure  of  commercial  aluminum  \s  of 
the  greatest  interest.  In  Figs.  3,  4,  and  5  there  will  be  noticed, 
besides  the  grains  of  altuninum  and  the  eutectic  islands,  a  number 
of  quite  fine  particles  of  some  constituent  scattered  throughout 
the  grains  of  aluminum.  These  are  apparently  particles  of  the 
constituent  X,  and  possibly  also  of  FeAl,,  which  have  separated 
from  solid  solution  in  aluminum  at  temperatures  below  the  eutectic 
one.  It  was  noted  above  that  there  is  a  slight  solubility  of  the 
constituent  X  in  aluminum,  since  it  is  not  found  as  a  part  of  the 
eutectic  when  the  amount  of  silicon  is  only  o.  1 2  per  cent,  nor  is  an 
arrest  foimd  at  610**  C.  At  610®  C,  therefore,  approximately  0.12 
to  0.20  per  cent  of  silicon  as  X  dissolves  in  aluminum;  at  lower 
temperatures  its  solubility  diminishes  and  it  precipitates  again  in 
much  finer  particles. 


Af  erica,  WalUfiberg, 
Fruman 
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Little  can  be  said  as  yet  about  the  solubility  of  PeAl,  in  alumi- 
num, as  in  the  purest  aluminum  yet  prepared  and  examined, 
FeAl,  has  been  found  in  quite  appreciable  quantities ;  this  sample, 
Al-i,  contained  0.15  per  cent  of  iron.  Iron,  as  FeAlj,is  therefore 
not  completely  soluble  in  aluminum  in  this  amount.  It  may  be 
mentioned  also  that  although  no  attempts  were  made  to  discover 
whether  by  annealing  this  amount  of  iron  could  be  made  to  dis- 
solve in  commercial  aluminum,  in  the  cotu^e  of  the  work  described 
below  it  was  noted  that  in  alloys  containing  besides  this  amount 
of  iron  about  0.5  per  cent  copper,  no  solution  of  the  FeAlj  oc- 
curred upon  annealing  for  20  hours  at  500®  C. 

In  the  course  of  the  examination  and  investigation  of  alumintun 
no  evidence  has  been  found  of  any  transformation  of  silicon  from 
one  form  into  another,  nor  of  the  existence  of  the  so-called 
graphitoidal  silicon.  This  latter  term  originated  with  the  analyst 
of  aluminum  and  its  light  alloys,  who  finds  under  certain  condi- 
tions that  there  is  a  residue  left  from  the  action  of  the  concen- 
trated acids  used  in  dissolving  the  sample,  which  is  insoluble  in 
hydrofluoric  acid.  It  is  suggested  that'  the  occturence  of  the 
silicon  in  the  various  forms,  (i)  of  eutectic  particles  of  constituent 
X,  (2)  of  eutectic  particles  of  silicon,  (3)  of  segregate  particles  of 
X,  and  (4)  of  a  solid  solution  in  aluminum,  -possibly  explains  the 
phenomena  experienced  in  the  analysis  of  the  metal.  Thus,  the 
silicon  existing  in  solid  solution  in  aluminum  would  undoubtedly 
dissolve  readily  in  the  concentrated  adds  to  give  SiO„  whereas 
the  particles  of  X  or  of  crystallized  silicon  would  be  much  less 
soluble. 

m.  soLUBiLrrT  of  cuai,  in  aluminum  at  different 

TEMPERATURES 

The  equiUbrium  of  copper-aluminum  alloys  has  been  investi- 
gated by  Gwyer  (see  footnotes,  p.  107),  Carpenter  and  Edwards', 
Curry  ^,  Guillet*,  Campbell  and  Matthews,*  and  others.  Gwyer 
finds  that  4  per  cent  of  copper  dissolves  in  aluminum  as  CuAl,. 
Carpenter  and  Edwards  place  the  solubility  at  4  per  cent,  Curry 
at  1 1  per  cent,  and  Campbell  and  Matthews  at  2  per  cent.  These 
values  hold  for  the  eutectic  temperatiu"e  540®  C. 


*  Proc.  Inst.  Mecli.  Bng.,  P>  57;  z9o7- 

*  Joum.  Phys.  Cbcm.,  11,  p.  425;  1907. 

112675**— 19 2 


>C.  R   141.  p.  464;  1905. 

*  Joum.  Am.  Chem.  Soc.,  24,  p.  353;  1902. 
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Annealing  experiments  were  undertaken  to  ascertain  the  course 
of  the  solubility  temperature  curve.  For  these  determinations 
loo  g  melts  of  different  compositions  of  copper-altmiinum  alloys, 
varying  from  0.5  to  5  per  cent  of  copper,  were  made  in  a  small 
gas  furnace;  the  purest  aluminum  available  was  used,  namely, 
Al-i ,  of  which  the  composition  is  given  on  page  108.  The  resulting 
alloys  were  cast  in  chill  molds,  one-half  inch  in  diameter.  Pigs.  9 
and  10  show  the  t3T)ical  structitfes  of  these  alloys  as  chill  cast  in 
this  form.  Free  CuAl,  was  observed  even  in  the  cast  specimen 
C~2o  containing  0.5  per  cent  copper. 

The  CuAla  can  readily  be  distinguished  from  the  FeAl,  particles 
by  the  fact  that  they  are  much  whiter  in  natural  color  and  that 
they  do  not  turn  brown  upon  etching  for  several  minutes  with 
o.i  per  cent  NaOH  as  does  FeAl,. 

The  compositions  of  the  cast  alloys  are  given  in  Table  i . 

Specimens  of  these  alloys  were  annealed  for  20  hoiu^  at  525, 
500,  400,  and  300®  C,  quenched  in  water  from  these  temperatm-es 
and  examined  microscopically  for  the  presence  of  free  CuAl,. 
The  results  of  these  examinations  are  also  given  in  Table  i.  A 
series  of  photomicrographs,  Figs.  11  to  14,  show  the  microstruc- 
tures  of  alloys  C24-B  to  C27-B  after  annealing  at  500®  C  and 
quenching.  CuAl,  is- found  in  C27-B  (3.8  per  cent  Cu)  and  C26-B 
(3.6  per  cent  Cu)  but  not  in  C25-B  (3.1  per  cent  Cu)  and  C24-B 
(2.5  per  cent  Cu). 

TABLE  1. — ^The   Microscopic  Ezamuiatioxi   for  the   Presence  of  Free   CuAl,   in 

Annealed  Chill  Cast  Copper-Aluminum  Alloj s 

[All  specimens  were  quenched  in  water  after  annealing] 


Numbtf  of 
alloy 


C-20 
C-21 
C-22 
C-23 
C-24 
C-25 
C-26 
C-27 

( 

C-28 

'.C-29 


P«rcent 
of  copper 


Percent 

0.5 
1.1 
1.6 
2.1 
2.5 
3.1 
3.6 
3.8 

4.5 
5.1 


Resolta  of  mlcnMcopic  eiamlnation  to  determine  whether  free  CiiAli  was  pretest 

ftfter  anneaUng 


Annealed  at  525*  C, 
marked  G 


Annealed  at  500'  C, 
marked  B 


No  CttAlt. 
do 


.do. 


.do. 
.do. 


.do. 


do 

One  or  two  parti- 
cles only. 

Small  amount 

MuchCttAts 


NoCuAls- 
do 


.do. 


.do. 
.do. 


.do. 


Small  amount. 
Much  CuAl  a.. 


.do. 
.do. 


Annealed  at  400*  C'Annealed  at  300* 
marked  A  marked  C 


No  CuAl 3. 
do 


.....do 

Small  amount. 
MuchCuAls.. 


.do. 


.do. 
.do. 

.do. 
.do. 


C, 


No  CuAla 

I>0. 
Small  amount 
MuchCuAla 

Do. 

Do* 

Do. 

Do. 


Do. 

Do. 


c  of  Cuj4i, — altaniwum; 


The  itructure  of  alloys  C24  to  2/B,  annealed  and  quf  inched  from  Joo"  C 
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To  observe  whether  20  hours*  annealing  was  really  sufficient  to 
bring  about  equilibrium  within  these  alloys,  specimens  of  C20  to 
C25  (and  marked  H)  were  annealed  10  days  at  400°  C  and 
quenched.  The  results  of  examination  showed  that  C23-H  con- 
tained a  small  amount  of  CuAl  „  C22-H,  none,  in  exact  agreement 
with  observations  after  20  hours'  annealing  at  the  same  tempera- 
tiu*e. 

A  curious  fact  was  noticed  in  the  annealing  of  these  alloys 
Once  the  CuAl,  has  dissolved  in  the  aluminum  it  precipitates 
again  from  supersatiu-ated  solutions  only  with  difficulty;  or,  per- 
haps more  acciu-ately  stated,  it  apparently  precipitates  from  such 
solutions,  but  in  particles  of  very  high  dispersion  or  small  size, 
and  these  particles  coalesce  into  larger  ones  only  with  difficulty. 
Specimens  of  the  C20  to  C29-B  series,  which  had  been  annealed  20 
hours  at  500^  C  and  quenched,  were  reannealed  and  quenched 
from  lower  temperatures  as  follows:  C20  to  C29-B-1,  at  320^  C 
for  45  hours;  C20  to  C29-B-2,  at  400®  C  for  20  hours.  Reanneal- 
ing  caused  apparently  no  change  in  the  structiu-e  of  any  of  the 
alloys ;  at  least  no  particles  of  CuAl ,  of  a  size  comparable  with  the 
original  eutectic  generation  reappeared  in  those  samples  to  corre- 
spond with  the  diminutio'n  of  solubility  at  the  lower  temperatures. 
Fig.  IS  shows  the  structure  of  C25-B-1,  which  may  be  compared 
with  Figs.  II  to  14. 

Only  upon  very  slow  cooling  through  the  temperature  range 
500  to  300°  C  do  segregate  or  precipitated  particles  of  CuAlj 
coalesce  to  such  an  extent  that  they  may  readily  be  identified 
as  such.  Specimens  of  C25-B  and  of  E13-B  which  had  been 
annealed  at  500°  C  were  reheated  to  500°  C  and  cooled  from 
that  temperatiu-e  very  slowly  to  room  temperatm^.  The  fur- 
nace cooled  from  500  to  345®  C  in  15  hotus.  Areas  were  marked 
off  on  both  specimens  before  this  final  treatment  and  examined 
before  and  after  heating  and  cooling.  As  annealed  and  quenched 
no  CuAlj,  corresponding  to  the  equilibrium  solubility,  was  found 
in  either  of  the  specimens;  after  heating  to  500^  C  and  cooling 
at  this  slow  rate  CuAl,  particles  of  fairly  large  size  were  found 
in  both  specimens  in  profusion.  Figs.  16  and  17  show  an  area 
of  C25-B  before  and  after  heating  and  slow  cooUng,  respectively. 

Samples  of  alloys  E9  to  En  were  annealed  for  various  periods 
of  time  at  400^  C  to  determine  what  period  was  necessary  to 
produce  equilibrium  between  the  CuAl,  and  solid  solution.  The 
results  of  these  experiments  are  given  in  Table  2.  At  400®  C 
-equilibrium  was  attained  in  these  small  chill-cast  specimens  after 
30  minutes ;  after  that  period  no  fiuther  change  took  place. 
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TABLE  2. — ^Microscopic  Examinatioa  for  the  Presence  of  Free  CuAl,  in  San^les  of 
Chill-Cast  Copper-Aluminum  Alloys  Annealed  at  400^  C  and  Quenched 


ITtanbtt  of  nmyle 


B9-A.. 
BIO-A. 
B9-B.. 
BIO-B. 
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X 
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1 
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13 

400 

1.9 

13 

400 

BiomltMHen  hu  tne  pvesence  of  free 
CuAla 


Small  amoont  of  CuAli. 

ConikteiaMe  CnAls. 

NoCttAIi. 

Very  email  amoont  of  CoAli. 

Much  CoAli. 

NoCnAli. 

Small  emownt  of  CuAlg. 

Ne  CoAls. 

Small  amount  of  CtiAli* 


ThenMil   oqullibrlim  of  the  alloy  aysten*.  alumlDun- copper; 
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In  Fig.  18  are  shown  the  results  of  these  solubility  determina- 
tions. There  is  given  the  aluminum  side  of  the  equilibrium  dia- 
gram of  copper  and  aluminum,  of  which  the  portion,  he,  has  been 
determined  by  the  above  experiments;  the  remainder  is  taken 
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from  the  results  of  previous  investigations.  The  solubility  of 
CuAl,  decreases  with  decreasing  temperature  from  about  4  per 
cent  at  525°  C  to  about  i  per  cent  at  300®  C,  and  is  apparently 
still  diminishing  at  lower  temperatures. 

EFFECT  OF  MAOHESIUM  UPON  THE  SOLUBILITY  OF  CuAl,  IN  ALUlilNUM 

In  seeking  an  explanation  for  the  effect  of  magnesium  upon 
the  physical  properties  of  heat-treated  dtualumin  (see  footnote  14, 
p.  118)  the  question  presented  itself  whether  the  solubility-tem- 
perature curve  of  CuAl,  in  aliuninum  was  displaced  by  the  pres- 
ence of  the  usual  small  amounts  of  magnesium. 

Specimens  were  chill  cast  containing  the  following  constituents : 


C30. 
C3i. 
C32 
033 
034 
€35 
C36 
037 


Peroeat 

PM  OMlt 

0.5 

.5 

.5 

.5 

_ 

1.0 
1.0 

1.0 

1.0 

These  were  examined  after  annealing  20  hours  at  500**  C,  fol- 
lowed by  quenching.  Specimens  C32  and  C36  contained  after 
this  annealing  no  free  CuAl,,  whereas  specimens  C33  andC37  <^d- 
Apparently  as  much  as  i  per  cent  of  magnesium  does  not 
affect  appreciably  the  temperature-solubility  curve  of  CuAlj  in 
aluminum. 

IV.  SOLUBILITY  OF  MftAl,  IN  ALUMINUM  AT  DIFFERENT 

TEMPERATURES 

The  equilibrium  of  magnesium-aluminum  alloys  has  been 
studied  by  Schirmeister/®  Wilm,"  .and  Grube."  Schirmeister 
finds  no  eutectic  arrest  for  the  eutectic  of  Mg^Alj  aluminum  at 
I  per  cent  magnesium ;  Grube  makes  no  comment  on  the  amount 
of  Mg^Al,  which  may  be  soluble  in  aluminum. 

For  the  authors'  determinations,  samples  of  magnesium- 
aluminum  alloys  were  prepared  in  the  same  manner  as  were 
those  for  the  previous  series.  Table  3  gives  the  compositions  of 
the  alloys  so  prepared  and  Fig,  19  shows  the  t3^ical  duplex 
structure  of  one  of  the  chill  cast  alloys,  No.  A-38. 


10  Metan  tt.  Bn.,  ff»  p.  53s;  19x4. 
u  Metallorgic,  8,  p.  aas;  Z9zz. 


u  Zeit  anoTf.  Chcm.,  45,  p.  935;  1905. 
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Specimens  of  the  alloys  were  annealed  for  20  hours  at  450, 
400,  and  300°  C  and  then  quenched.  The  microstructure  was 
developed  by  etching  with  5  per  cent  NaOH  solution  and  the 
specimens  were  examined  for  the  -presence  of  free  Mg^ Al,.  Table 
3  also  gives  the  results  of  these  determinations.  Figs.  20  to  22 
show  typical  microstructures  for  a  series  annealed  at  400°  C. 

TABLE  3. — ^Ifficroscopic  Bzamixutioii  for  the  Presence  of  Free  Mg«A],  in  Annealed 

Chill-Cast  Magnesium-Aluminum  Alloys 

[All  specimens  were  quenched  in  water  after  anncaiine] 


Number 
of  alloy 


A-31 
A-32 
A-34 
A-36 
A-3S 
A-27 
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Percent 
of  mac- 
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5.9 
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9.1 
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12.2 
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17.1 
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No  MC4AI3. 
do 


.do. 
.do. 


.do. 


Small  amount  Mg4AI|. 

Much  MC4AI3 

do 


Annealed  at  400*  C, 
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No  Mg4AI|. 
do 


.do. 
.do. 


.do. 


Small  amount  MgtAlj. 

MnchMgiAli 

do 


Annealed  at  300*  C, 
marked  —3 


Small  amount  BCgfAlt 
MuchMf«Als 

Do. 

Do. 

Do. 

Do. 

Do. 


The  solubility  of  Mg^Alj  in  aluminum  decreases  with  lowering  of 
th^  temperature  exactly  as  in  the  case  of  CuAl,.  Specimens  of 
A3  5-450  and  of  A36-450  annealed  20  hours  at  450*^  C  and  quenched 
were  reheated  to  420°  C  and  allowed  to'  cool  very  slowly  in  the 
furnace.  The  furnace  cooled  from  420®  to  260°  C  in  24  hours. 
In  these  specimens,  previously  free  from  Mg^Alj,  this  second  heat 
treatment  caused  a  copious  precipitate  of  this  constituent.  Figs. 
23  and  24  show  the  structure  of  A35-450  before  and  after  slow 
cooling,  respectively. 

The  results  of  these  determinations  are  shown  in  Fig.  27,  in 
which  is  reproduced  a  portion  of  the  equilibritun  diagram  as  deter- 
mined by  Grube  for  the  magnesium-aluminum  alloys,  and  in 
which  is  inserted  the  portion,  be,  determined  by  the  above  experi- 
ments. 

In  aluminum-rich  alloys  of  magnesium  with  commercial  alumi- 
num besides  the  two  constituents,  or  phases,  aluminum  solid 
solution  and  Mg^Al,,  another  constituent  is  invariably  found,  the 
amount  of  which  seems  to  increase  slowly,  if  at  all,  with  increase 
of  magnesium  content  beyond  about  i  per  cent.  It  has  a  deep 
blue  color  and  is  easily  distinguished  from  the  other  two  constitu- 
ents mentioned,  and  from  the  FeAl,,  which  is  also  present.     It  is 


n  Bursau  of  Sttindardi.  \ 


Magnesium-alutninunt  alloy  Ajs~450,  wliich  contains  no  Mg,Alf  after  annealing  at 
450°  C  and  quenching  {rig.  23),  but  in  which  Mg,Al,  precipitates  upon  reheating 
to  420"  C  and  slowly  cooling  (Fig.  24) 


Fig.  aS. — Alloy  M28.  containing:  Cii,4.q8  per  cent;  Mg.  2.41  percent; 
Fe.  0.62  per  cent;  and  Si.  0.J2  per  cent,  and  shovAng  iletp-hlue  con- 
sliluent  characterislic  0/  aluminum-rich  alloys  containing  magneiiuvi 
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shown  in  Figs.  25  and  26.  This  constituent  occurs  in  alloys  also 
containing  both  copper  and  magnesium.  Fig.  28  shows  an  island 
of  CuAl,  in  such  an  alloy  in  which  is  embedded  a  particle  of  this 
blue  constituent. 
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Fig.  27 

This  is  believed  to  be  Mg^Si,  although  the  authors  have  no  direct 
evidence  for  this  belief.  Vogel  "  f oimd  a  very  marked  and  definite 
compound,  MgjSi,  in  his  study  of  the  binary  series,  magnesium- 
silicon,  which  was  of  a  deep  blue  color,  much  resembling  the  con- 
stituent described  above.  It  is  unlikely  that  this  constituent  is  a 
compound  of  iron  and  magnesium  since  these  two  metals  unite 
only  with  much  diflSculty  and  probably  do  not  form  a  compound. 
The  only  other  possibility  therefore  is  that  the  constituent  is  a 
silicate  or  a  ternary  or  quaternary  compound  containing  mag- 
nesium, silicon,  iron,  or  aluminum. 

The  occurrence  of  this  constituent  in  light  alloys  of  aluminum 
containing  magnesium  is  believed  to  be  of  the  greatest  significance 
in  connection  with  the  eflfect.of  magnesium  upon  the  mechanical 


1*  Vogel,  Magnesium-silicon  alloys,  2«eit.,  anorg.  Chem.,  61,  p.  46;  1909. 
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and  other  physical  properties  of  these  alk>3rs.    This  question  is, 


however,  discussed  at  greater  length  in  another  article.^^ 

V.  SOLUBILITY  OF  METALS  AND  METAL  COMPOUNDS  IN 

ALUMINUM 

A  review  of  the  results  obtained  above  and  of  those  obtained  by 
Rosenhain  .and  Archbutt  **  and  of  Bauer  and  Vogel  *•  on  the 
solubility  of  zinc  in  aluminum  shows  that  a  decreasing  solubility 
in  aluminum  with  decreasing  temperatiu-e  of  that  constituent  in 
immediate  equilibrium  with  the  aluminum  is  characteristic  of  the 
metal.  Thus  the  solubility  of  zinc  in  alumintun  at  443^  C  is 
about  40  per  cent,  whereas  at  256°  C  it  is  only  about  25  per  cent. 

This  form  of  the  solubiKty  curve  is,  of  course,  not  unusual;  yet 
we  find  in  the  case  of  equiUbrium  of  metals  many  cases  in  which 
the  solubiKty  of  a  constituent  increases  with  decreasing  tempera- 
,  ture.  Thus  in  the  zinc-copper  series  the  solubility  of  the  beta 
constituent  in  the  alpha  one  decreases  with  increasing  temperature. 
In  another  article  (see  footnote  14)  the  significance  of  the  form 
of  solubility  curve  characteristic  of  aluminum  is  discussed. 

VI.  SUMMARY  AND  CONCLUSIONS 

The  temperature-solubility  cmves  of  CuAl,  and  of  Mg4Al,  in 
aluminum  were  determined  by  the  method  of  annealing  and 
microscopic  examination.  Aluminum  dissolves  about  4.2  per  cent 
of  copper  as  CuAl,  at  525®  C  and  about  1 2.5  per  cent  of  magnesitun 
as  Mg^Al,  at  450°  C. 

The  solubiKty  of  both  compotmds  decreases  with  decreasing 
temperature.  At  300^  C  aliuninum  dissolves  only  i  per  cent  of 
copper  as  CuAl,  and  sKghtly  less  than  5.9  per  cent  of  magnesitun 
as  Mg^Alj. 

The  structural  identification  of  the  various  constituents,  FeAlj, 
CuAlj,  Mg^Alj,  found  in  alloys  with  magnesium  and  with  copper 
is  described,  and  a  constituent  is  noted  in  all  Kght  aluminum 
alloys  containing  magnesium  which  is  beKeved  to  be  Mg^Si. 

The  solubiKty  of  iron  as  FeAl,  in  aluminum  is  at  all  temperatures 
less  than  0.15  per  cent. 

1*  Merica,  Waltenbers  and  Scott,  Heat-treatment  of  Duralumin,  this  Bulletin,  15,  19x9. 

»  Phil.  Trans.,  «11,  p.  3x5;  X911. 

'•  Int.  Zdt.  MetaUograikhie,  8,  p.  xoi;  19x6. 
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Small  amounts  of  silicon  up  to  from  0.12  to  0.20  per  cent  are 
dissolved  by  alumintun  at  the  eutectic  temperature,  but  are 
repredpitated  upon  cooling  corresponding  to  the  diminished 
solubility  for  silicon  of  aluminum  at  lower  temperatures. 

Silicon  in  the  usual  commercial  amoimts  is  probably  present  as 
a  compotmd  of  iron  and  silicon,  together  with  some  aluminum. 
The  composition  of  this  compound  is  not  known  but  it  separates 
out  with  aluminum  and  FeAl,  at  an  invariant  point  at  610^  C. 

Washington,  February  2,  191 9. 
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L  INTRODUCTORY  STATEMENT 

In  previous  conununications  *  data  were  given  on  the  photo- 
electric sensitivity  of  various  minerals,  using  heterochromatic 
light.  As  it  frequently  happens,  while  this  preliminary  investi- 
gation was  in  progress,  the  results  of  a  similar  survey  were  pub- 
lished.' This  metiiod  of  attack  was  therefore  discontinued  and 
the  detailed  investigation  of  the  spectral  photoelectric  sensi- 
tivity of  various  substances  was  resumed.* 

1  Proc.  Phil.  Soc.  Wash..  Feb.  3,  1917;  Jour.  Wash.  Acad.  Sd.,  1,  p.  525,  1917;  this  Bulletin.  14,  p.  591, 
i9zS. 

*  Com,  Phys.  Rev.  (a).  9,  p.  305,  April.  X9i7* 

I  Data  on  wflfninTn,  potassium,  etc..  are  given  in  this  Bulletin.  14,  p.  507.  19x8.    Preliminary  data  oa 

molybdenite  were  obtained  with  the  assistance  of  U.  B.  Long  and  published  under  joint  authorship  in 

the  Phys.  Rev..  11,  p.  497.  tgiS,  and  13.  p.  140. 1919.    The  latter  gives  data  presented  at  the  Pittsburg 

meeting,  Dec.  17. 19x7* 
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The  present  paper  gives  data  on  the  spectral  photoelectric 
sensitivity  of  molybdenite,  under  various  conditions  of  operation. 
Molybdenite  was  selected  for  detailed  examination  because  it  is 
one  of  the  few  minerals  available  which  is  sufficiently  homogene- 
ous to  determine  various  optical  and  electrical  properties,  all  of 
which  data  may  prove  useful  in  arriving  at  an  explanation  of 
the  phenomenon  of  change  in  electrical  resistance  of  certain  sub- 
stances when  exposed  to  thermal  radiation. 

IL  SUMMARY  OF  PREVIOUS  WORK 

Prior  to  January,  191 7,  but  few  solid  substances  were  known 
which  exhibited  the  property  of  changing  in  electrical  resistance 
when  exposed  to  thermal  radiant  energy,  especially  visible  and 
ultra-violet  rays.  Among  the  substances  examined  were  sele- 
nium, stibnite,  cuprous  oxide,  and  the  halide  salts  of  silver. 

Selenium. — It  is  beyond  the  scope  of  this  paper  to  attempt  to 
summararize  all  the  investigations  made  on  this  substance.  Sele- 
nium has  a  very  prominent  maximum  of  photoelectric  sensi- 
tivity at  about  0.7  m  (m  ==0.001  nun)  and  a  less  intense  wide  band 
of  sensitivity  throughout  the  visible  spectrum.  The  recent  inves- 
tagations  of  Dietrich*  show  that  the  character  of  the  wave- 
length sensitivity  curve  can  be  controlled  by  heat  treatment. 
Annealing  the  cell  at  200°  C  produces  a  maximum  sensitivity 
in  the  extreme  red,  while  annealing  it  at  150^  C  shifts  the  maxi- 
mum sensitivity  to  0.55  /i- 

Elliot "  examined  the  photoelectrical  sensitivity  of  selenium  at 
room  temperature,  also  at  liquid-air  temperature.  His  results 
show  that  the  0.7  m  band  shifts  toward  the  short  wave  lengths 
(0.6  m)  ^t  low  temperatures.  Furthermore,  there  is  an  appre- 
ciable increase  in  sensitivity  in  the  infra-red  producing  a  wide 
band  with  a  maximum  sensitivity  at  about  1.2  m- 

Further  tests  (see  Fig.  i)  were  made  in  the  present  investiga- 
tion, using  a  Giltay  selenium  cell,  and  a  fluorite  prism  to  deter- 
mine conclusively  that,  at  room  temperatures,  selenium  is  prac- 
tically insensitive  throughout  the  infra-red  spectrum  to  4  m- 

Stibnite. — ^The  light  sensitivity  of  stibnite  (SbA)  as  affected 
by  temperature  has  been  studied  by  Elliot.'  At  20^  C  the  light- 
sensitivity  curve  of  stibnite  is  somewhat  similar  to  the  selenium 
curve  shown  in  Fig.  i,  excepting  that  the  maximiun  sensitivity 
occurs  at  about  o.  75  m-    Lowering  the  temperature  to  - 1 90®  C  ( ?) 

*  Dietrich.  Phys.  Rev.  (a),  p.  467, 19x4;  8,  p.  X9«.  X9x6'         *  Elliot,  Phy.  Rev.  (a),  6,  p.  S9»  X9X5- 

*  Elliot,  Phys.  Rev.  (a).  6,  p.  53.  Z9X5- 
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causes  this  maximum  to  shift  to  about  0.68  fi,  and  increases  some- 
what the  sensitivity  throughout  the  infra-red  to  about  2  m-  That 
stibnite  is  sensitive  to  infra-red  rays  even  at  room  temperature 
was  diown  by  Martin '  who  observed  a  strong  photoelectric  effect 
produced  by  infra-red  rays  transmitted  by  a  plate  of  ebonite 
2  mm  in  thickness. 

Cuprous  Oxide. — ^The  photoelectric  sensitivity  of  cuprous  oxide 
(Cu,0)  was  studied  by  Pfund.^  He  found  the  region  of  greatest 
light  sensitivity  to  be  in  the  ultra-violet,  near  X  =0.28  m-  A 
smaller  maximum  was  observed  at  about  0.625  fi.  Lowering  the 
temperature  from  19^  C  to  —127^  C  shifted  this  latter  band 
toward  the  shorter  wave  lengths,  -0.6  m-    Using  the  same  mate- 
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Fig.  I. — Spectral  phototUctric  sensitivity  of  selenium 

rial,  the  Ught-sensitivity  curve  depends  upon  the  design  of  the 
cell.  A  further  observation  of  importance  was  that  the  change 
in  conductivity  in  cuprous  oxide  is  limited  to  the  portions  pene- 
trated by  radiation. 

m.  APPARATUS  AND   METHODS 

The  spectroradiometric  apparatus  used  consisted  of  a  mirror 
spectrometer,  a  fluorite  prism,  and  a  vacutun  bismuth-silver 
thermopile,  described  in  previous  papers.' 

The  sotffce  of  radiation  consisted  of  a  500-watt,  gas-filled 
tungsten  lamp  securely  moimted  in  front  of  the  slit  of  the  specr 
trometer.  Using  a  vacuum  thermopile  and  an  accurately  cali- 
brated ammeter,  the  lamp  was  calibrated  to  emit  equal  energies 
throughout  the  spectrum.    Starting  in  the  blue-green,  the  lamp 


'  Martiii,  Phys.  Zdt.,  12,  p.  41. 19x1. 
*  Pfmul,  Fhys.  Rev.  (a),  1,  p.  089^  1916. 


*  This  BuUetm,  10,  p.  z,  19x3;  11,  p.  zja,  19x4. 
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was  operated  at  normal  current  (4-ampere)  and  the  galvano- 
meter deflection  noted.  This  deflection  was  taken  as  a  standard 
and  for  the  remainder  of  the  spectrum  the  current  was  varied  so  as 
to  give  the  same  deflection  throughout  the  spectrum  to  4  /*.  These 
ammeter  readings  (which  were  as  low  as  1.5  amperes  at  about 
1.6  At)  were  then  plotted  upon  coordmate  paper,  SevM-al  subse- 
quent calibrations,  made  during  the  course  of  this  investigation, 
showed  no  appreciable  change  in  the  original  calibration  curve. 

The  arrangement  of  the  apparatus  for  projecting  the  mono- 
chromatic radiation  upon  the  photoelectric  substance  is  shown 
in  Fig.  2.  The  radiations  from  the  ttmgsten  lamp,  after  being 
dispersed  into  a  spectrum,  pass  through  the  exit  slit  5  (size  0.5 
by  10  mm) ,  and,  after  reflection  from  a  50  cm  focal  length,  silvered- 


-id     -)^p^ 


Fio.  2. — Arrangement  of  apparaiui 

glass  mirror  and  a  right-angled  glass  prism,  are  brought  to  focus 
upon  the  substance  P,  which  is  tmder  investigation.  In  this 
mamier  radiations  of  different  wave  lengths,  and  of  equal  energy 
value  (=i.ixio-*  watt,  as  determined  by  measurement  with 
the  thermopile  placed  at  P)  could  be  projected  upon  the  molyb- 
denite. 

The  crystal  of  molybdenite  was  soldered  to  copper  electrodes 
(illustrated  in  the  rectangular  diagrams,  in  Figs.  10  and  11), 
usually  mounted  upon  a  fiber  support,"  which  was  attached  (by 
wire)  to  a  heavy  metal  base,  P,  Fig.  2.  The  whole  was  mounted 
in  a  glass  vessel  G,  about  25  cm  in  length  and  5  cm  in  diameter. 
The  copper-constantan  thermocouple  and  the  current  wires  lead- 
ing to  the  molybdenite  are  shown  diagrammatically  at  T.     The 
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glass  container  rested  upon  a  flexible-metal  support  in  a  Dewar 
flask,  containing  liquid  air,  ice,  or  water  which  was  heated  to  a 
definite  temperature  by  passing  an  electric  current  through  a 
thin  strip  of  manganin  immersed  in  the  water. 

The  liquid  air  was  replenished  by  means  of  a  cardboard  funnel 
attached  to  the  Dewar  flask,  which  was  surrounded  with  cotton 
batting  in  order  to  maintain  constant  temperature  conditions. 
After  making  the  initial  adjustments,  small  quantities  of  liquid 
air  could  be  introduced  into  the  flask  without  disturbing  the 
adjustments.  For  most  of  the  observations  the  glass  vessel  was 
evacuated.  In  this  manner  various  temperatures  could  be 
obtained,  which  could  be  easily  maintained  constant  to  o.i^  C. 
This  is  an  important  item  in  view  of  the  fact  that  a  change  in 
temperature  causes  a  change  in  the  conductivity,  and  hence  a 
change  in  the  "dark  current''  through  the  crystal.  The  scale 
reading  of  the  galvanometer  is  greatly  affected  by  variations  in 
the  dark  current. 

The  resistivity  of  molybdenite  is  high.  The  crystal  was  there- 
fore operated  directly  in  circuit  with  a  d'Arsonval  galvanometer 
and  an  electric  battery  of  stutable  voltage,  which  varied  from  2 
to  4  volts  when  the  crystal  was  at  room  temperature  to  120 
volts,  at  liqtdd-air  temperatture. 

The  sample  under  investigation  was  usually  covered  with  a 
piece  of  thick,  white  cardboard,  perforated  by  a  slit  (0.5  by  10 
mm.)  \^hich  enabled  the  observer  to  expose  a  definite  part  of  the 
crystal  to  radiation. 

The  method  of  observation  consisted  in  setting  the  spectrom- 
eter circle,  so  as  to  permit  radiation  of  a  given  wave  length  to 
pass  out  through  the  slit  S,  and  from  thence  to  the  crystal  P. 
The  ammeter  was  set  to  the  proper  value  as  determined  by  the 
calibration  curve.  The  shutter  was  then  raised  and  the  crystal 
exposed  to  the  radiation  stimulus  for  an  unlimited  time,  which 
varied  from  5  seconds  for  visible  radiations  to  6  to  12  minutes 
for  infra-red  rays. 

1.  DD^FUSE-UGHT  TESTS 

The  novelty  of  finding  bands  of  photoelectric  sensitivity  far 
beyond  the  range  heretofore  observed  in  the  infra-red  raised  the 
question  whether  this  might  be  owing  to  scattered  radiations. 
Tests  were  therefore  made  using  glass  screens"  (e.  g.,  Coming 
(^5^5),  which  absorbed  all  radiations  except  those  at  i  n.     By 

>^  This  BtiUctin,  14,  p.  653;  19x8. 
111676^—19 2 
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means  of  the  thermopile  the  lamp  was  calibrated  to  emit  the 
same  energy  with  and  without  the  glass  screen  in  place  before  the 
spectrometer  slit.  Repeated  tests  showed  that  within  less  than 
I  per  cent  the  scattered  light  had  no  effect  on  the  shape  and 
position  of  the  bands  of  photoelectric  sensitivity  observed  at 
I  to  1,2  fjL.  The  observations  were  therefore  made  without  employ- 
ing additional  screens  for  absorbing  scattered  light. 

2.  SOURCES  OF  ICATERIAL  EXAMINED 

The  majority  of  the  samples  examined,  1 8  in  all,  were  obtained 
from  the  United  States  National  Museum.  Some  were  obtained 
from  mineral  dealers.  The  localities  from  which  they  had  been 
obtained  were  Alaska,  Australia,  Canada,  Japan;  and  in  the 
United  States,  California,  Colorado,  Maine,  Montana,  Vermont, 
and  Washington.  From  preliminary  sensitivity  tests,  made  with 
a  photophone  consisting  of  a  rotating  sector,  telephone,  and  an 
audion  amplifier,  using  high  intensities,  it  was  found  that  all 
the  material  was  of  low  resistance  and  low  or  tmcertain  photo- 
electric sensitivity,  except  certain  samples  obtained  from  Yorkes 
Peninsula,  South  Australia.  Projecting  an  image  of  a  point  source 
of  light  upon  the  samples  showed  that  the  photoelectric  sensi- 
tivity was  usually  localized  in  spots  as  shown  in  Figs.  lo  and  ii, 
and  as  previously  found  in  bismuthinite." 

IV.  TRANSMITTING  AND  REFLECTING  POWER  OF 

MOLYBDENITE 

As  already  mentioned,  molybdenite  is  imusually  well  adapted 
for  investigating  the  bearing  of  various  physical  properties  upon 
photoelectrical  sensitivity.  It  was  therefore  of  interest  to  deter- 
mine whether  there  is  any  close  relation  between  the  optical  and 
pliotoelectrical  properties  of  this  substance.  For  this  purpose  the 
spectral  transmission  and  reflection  of  several  samples  were  deter- 
mined by  means  of  the  spectroradiometric  apparatus  used  in  the 
photoelectric  work. 

On  the  supposition  that  photoelectric  activity  is  a  resonance 
phenomenon,  Pfund  "  sought  a  relation  between  thermal  radiant 
energy  absorbed  and  change  in  electrical  conductivity.  On  this 
basis  he  should  have  found  the  greatest  photoelectrical  activity 
of  selenium  in  the  blue,  where  the  absorption  was  the  greatest. 
This  deduction  was  not  verified  by  experiment,  which  showed 

^  This  Bulletin.  14.  p.  591;  19x8.  ^*  Pfimd,  Phys.  Rev..  28.  p.  334;  X909- 
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that  the  maximum  photoelectric  sensitivity  of  selenium  is  in 
the  red. 

Previotis  investigations"  show  that  molybdenite  has  a  low 
transmission  in  the  visible  spectrum,  followed  by  great  transpar- 
ency and  high  reflectivity  in  the  infra-red.  A  decrease  in  tem- 
perature to  boiling  liquid  air  greatly  increases  the  transparency 
of  molybdenite.  Crandall  quotes  observations,  made  by  Trow- 
bridge, showing  that  a  sample  of  molybdenite  which  was  trans- 
parent down  to  0.702  /i,  at  room  temperature,  became  trans- 
parent down  to  0.666  ft,  at  — 190°  C.  This  is  of  interest  in  con- 
nection with  the  observations  of  a  shift  of  the  position  of  maximum 


Pig.  ^,'-'Transmission  of  molybdenite 

photoelectric  activity  toward  the  short  wave  lengths  with  decrease 
in  temperature. 

1.  TRANSMISSION  KEASUREBIBNTS 

The  transmission  of  a  sample  of  molybdenite  (0.007  ^"^  in 
thickness  *^)  is  given  in  Fig.  3.  This  sample  transmitted  only  the 
red  end  of  the  visible  spectrum.  Beyond  i/*  the  transmission  is 
tmiform,  as  previously  observed.  The  data  published  by  Cran- 
dall,*' who  eliminated  the  losses  by  reflection  by  making  measure- 
ments on  two  samples  of  different  thickness,  show  that  beyond 
i/A  the  absorption  decreases  abruptly  to  a  low,  uniform  value. 
(See  Fig.  3.)     As  will  be  noticed  presently,  the  greatest  photo- 

1*  Coblentz,  Publication  No.  97,  Carnegie  Institute,  Washington,  pp.  13  and  41,  1908;  Crandall,  Phys. 
Rev.  (a).  2,  p.  343,  X9i3- 

^*  The  tnmsmissivity  observations  were  obtained  with  the  assistance  ol  M.  B.  I«ong,  and  published  in 
this  Bulletin,  14,  p.  653 ;  19x8.  The  thiclmess  was  determined  by  L .  V.  Judaon  of  the  weights  and  meaauret 
division,  osins  an  end  comparator.  The  qtedmen  was  pressed  on  a  Johannson  block  by  means  ol  a  pfamgcr 
having  an  optically  flat  contact  surface  a  mm  in  diameter,  the  pressure  being  aoo  g. 

M  Crandall,  Phys.  Rev.  (a),  8,  p.  343;  Z9X3< 
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electric  activity  of  molybdenite  occurs  in  the  region  of  the  spec- 
trum where  the  absorption  is  changing  rapidly,  from  which  it 
would  appear  that,  as  previously  had  been  observed  to  a  more 
limited  extent,  the  connection  between  optical  absorption  and 
photoelectrical  activity  is  rather  intricate. 

The  wavy  character  of  the  transmission  cmve  beyond  2.5^1  is 
the  result  of  interference  bands.  It  is  of  interest  in  showing  the 
resolving  power  of  the  apparatus.  Curves  of  this  type  are  of 
interest  to  students  in  physical  optics  in  connection  with  the 
question  of  interference  and  the  conservation  of  energy.  The 
reflectivity  ctu-ve  of  a  somewhat  thinner  sample  was  published 
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Fig.  4. — Reflectivity  of  molybdenite 
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by  Crandall "  who  has  calculated  the  optical  constants  of  this 
mineral. 

2.  REFLECTIVrrY  KEASUREMENTS 

In  the  present  experiments  the  reflecting  power  of  molybdenite 
was  determined  by  comparison  with  a  silver-on-glass  mirror, 
correction  being  applied  for  absorption  in  the  silver.  The  material 
examined  was  National  Museum  sample  No.  53046,  from  Wake- 
field, Canada.  The  mirrors  were  made  by  pressing  thin  laminae 
of  molybdenite  upon  plate  glass.  This  produced  smooth  surfaces 
quite  free  from  identations. 

In  Fig.  4,  curve  A  gives  the  reflecting  power  of  a  sample  o.i  mm 
in  thickness.  Curve  B  gives  the  reflectivity  of  a  sample  0.3  mm 
in  thickness,  having  a  higher  polish.  In  order  to  establish  more 
thoroughly  the  indentations  in  the  reflectivity  curve  at  X  =0.54/1 
and  X=o.63At,  as  well  as  the  higher  reflecting  power  in  the  violet, 
the  silver  mirror  was  replaced  by  a  right-angled  glass  prism  *•  which 
is  nonselective  in  its  reflection.  The  data  obtained  on  this  same 
sample,  using  the  glass-prism  reflector,  are  illustrated  in  curve  C. 


»  CiBodaU,  Phys  Rev.  (a),  8,  p.  3s6;  X9Z3« 
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On  removing  this  sample  from  its  motmting  a  thin,  flat  lamina 
adhered  to  the  glass.  The  polish  of  this  cleavage  surface  was 
higher  than  one  cotild  obtain  by  rubbing  the  suiface,  and  the 
reflecting  power  is  probably  as  near  to  the  true  value  as  can  be 
attained. 

These  observations  show  that  the  reflecting  power  of  molybde- 
nite is  highly  selective  in  the  visible  spectnun,  decreasing  from 
46  per  cent  at  0.5M  to  a  much  lower  value  at  imi  beyond  which  point 
the  reflectivity  is  fairly  uniform,  as  previously  observed.  This 
selective,  reflection  is  easily  demonstrated  by  pressing  a  thin  plate 
of  molybdenite  into  a  V-shaped  cavity,  which  appears  a  brilliant 
indigo-blue  when  viewed  in  daylight. 

The  previous  measturements  *•  of  reflecting  power  were  made  on 
a  massive  sample  2  to  3  cm  in  thickness.  The  polish  was  not  as 
high  as  in  the  present  work.  For  long  waves,  however,  the  ques- 
tion of  polish  is  not  a  serious  matter.  The  data  then,  obtained 
indicate  a  reflectivity  of  20  to  22  per  cent,  which  is  considerably 
lower  than  observed  in  the  present  measurements.  The  obser- 
vations at  long  wave  lengths  where  scattering  is  low  indicate  that 
the  true  reflectivity  of  this  sample  could  not  be  very  much  higher 
than  the  observed  value.  The  sample  was  of  sufficient  thickness  to 
prevent  augmentation  of  the  reflected  light  by  internal  reflection. 
On  the  other  hand,  the  samples  used  by  Crandall,  as  well  as  the 
samples  used  in  the  present  investigation,  are  so  thin  and  the 
absorption  is  so  low  that  radiations  which  enter  the  sample  are 
reflected  at  the  second  surface,  and  returning  (without  great 
diminution  in  intensity)  emerge  and  cause  the  observed  reflec- 
tivity value  to  be  higher  than  the  true  value.  That  this  really 
occurs  is  shown  in  Table  i  and  in  the  dotted  curves  Refi  and  Abs^ 
in  Fig.  3;  also  curve  D,  Fig.  4.  These  two  samples  had  their 
natura)  cleavage  surfaces  untouched;  hence  their  reflection  is 
closely  the  same.  Assuming  five  intehial  reflections  for  computing 
the  reflectivity  and  fotu*  internal  reflections  for  computing  the 
transmitted  radiations,  and  using  the  values  given  in  Table  i 
(where  A  » the  per  cent  absorption  in  traversing  once  through  the 
layer;  say  A  «  20.5  per  cent  and  r  «  28.8  per  cent  at  X  =»  1.3/4)  it  is 
found  that  the  observed  transmission  and  reflection  data  are  accu- 
rately reproduced.  At  0.5M  there  is  complete  opacity  and  the 
observed  reflecting  power  {R  «  46  per  cent)  is  the  true  value.  On 
the  basis  of  this  computation  the  true  reflecting  power,  r  (Table  i), 

1*  Publication  Na  97,  Carnegie  Institution  of  Washington;  1908. 
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of  molybdenite  is  illustrated  by  the  dotted  curve  Refl  in  Fig.  3. 
which  is  more  nearly  in  agreement  with  the  previous  observations, 
The  absorption  produced  in  traversing  once  through  the  layer  is 
illustrated  in  the  curve  marked  Abs  m  Fig.  3;  complete  absorp- 
tion occurred  at  wave  lengths  less  than  0.5M.  These  calculations 
indicate  that  the  true  reflecting-  power  is  of  the  order  of  28  to  30 
per  cent  instead  of  38  to  40  per  cent,  as  observed. 

TABLE  l.—Ttansmisaton,  Reflection,  and  RefirtctiYe  Andes  of  Molybdenite 

[Key  to  symbok:  ^^tbe  anomed  per  cent  of  entering  U^t  sbeortied  in  tnvenlni  the  thIfilmeBi  of  the 
layer;  r—the  aaBOmed  per  cent  of  inddentlight  refleoted  at  the  fixst  sorfEuse;  JS^sumznatioii  of  rstainlnc 
light;  r-sommatlon  of  transmitted  light;  n  -t^  (i+r^^).) 


A 

r 

£(«lMerved). 
R  (compcitod) 
rCotMenFed). 
rCeomfuted) 
« 


X-1^ 

20.5 

12^, 

22.3 

18.1 

29.8 

23.8 

27.8 

39.0 

38.5 

38.1 

39.1 

38.5 

38.0 

40.5 

42.5 

45.0 

40.5     . 

42.5 

45.0 

3.40 

3.30 

3.23 

18.1 
27.8 
38.0 
38.0 
45.0 
45.0 
3.23 


Using  the  values  of  r  illustrated  in  Pig.  3,  and  neglecting  the 
extinction  coefficient,  the  refractive  index  n  is  computed  on  the 

]•    These  values  of  n  are  given  in  Table  i. 

They  are  somewhat  larger  than  similar  data  computed  from  the 
interference  bands  shown  in  Fig.  3,  employmg  the  formula 


n 


2t{K-\) 


in  which  N  is  the  number  of  bands  between  \  and  Xj  (see  column  3, 
Table  2),  and  using  the  observed  thickness  of  ^=0.007  mm. 
Using  /  =0.006  mm  gives  values  of  n  which  are  12  per  cent  larger, 
corresponding  more  nearly  with  the  values  given  in  Table  i . 

Computations  of  n  are  given  also,  utilizing  single  maxima  or 
minima,  and  remembering  that  the  difference  in  optical  length  of 
path  for  interference  in  transmission  is  2  n  ^  or  about  42^*.  Fol- 
lowing the  method  of  computation  given  by  Crandall,  using  the 
formula  2  n^  t^Ni  \,  and  taking  the  values  of  N^  given  in  Table 
2,  the  corresponding  values  of  11^  were  obtained.  (See  columns 
5  and  9  of  Table  2.) 
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In  making  these  computations  it  is  assumed  that  the  small 
indentations  (e.  g.,  4.6/i,  5.2^)  are  a  second  series  of  interference 
bands,  the  origin  of  which  is  undetermined.  Only  the  bands 
given  in  columns  2  and  6  of  Table  2  were  used. 

TABLB  2« — RefractiTe  Indices  of  Molybdenite  Computed  by  Fonnulas  Given  in 

Text,  Using  Transmission  Minima  or  Maxima 


Mfaitaia 

X 

Xi 

• 

n 

Ni 

«i 

Xi 

n 

Ni 

ni 

2.72 
2.94 
8.19 
8.44 
8.66a 

8.80 
4.07 
4.80 
4.53 

4.77 

4.96a 

5.20 

5.44 

5.68  a 

5.94 

6.18 

6.40 

6.65 

6.93 

7.20 

7.45 

2.72 
2.94 
8.19 
3.44 

2.64 
2.89 
2.88 

14.5 
13.5 
12.5 
11.5 

2.82 
2.83 
2.85 
2.83 

2.85 
3.07 
3.30 

2.96 
2.98 

14 
13 
12 

2.85 
2.83 
2.83 

3.60 

2.70 

11 

2.83 

3.80 

2.66 

10.5 

2.85 

4.00 
4.42 

2.77 
2.88 

10 
9 

2.85 
2.84 

4.22 

2.59 

9.5 

2.86 

4.79 

2.74 

8.5 

2.91 

4.99 

2.81 

8 

2.85 

5.41 

2.85 

7.5 

2.90 

5.70 

2.88 

7 

2.85 

6.30 

2.93 

6.5 

2.92 

6.65 

6 

2.85 

7.35 

5.5 

2.89 

1 

i 

Using  consecutive  bands  gives  values  of  n  which  increase  in 
value  to  n=»i4  at  X  =  7m.  This  is  inconsistent  in  view  of  the 
constancy  of  the  absorption  and  reflection  data.  The  region  of 
anomalous  dispersion  is  at  0.5M,  beyond  which  point  the  refrac- 
tive index  should  decrease. 

These  data  are  somewhat  different  from  those  published  by 
Crandall.**  It  is  to  be  noticed  that,  comparing  data  obtained  on 
samples  having  practically  the  same  thickness,  twice  as  many 
interference  bands  were  observed  in  the  present  examination. 
The  conunon  difference  between  these  bands  is  about  0.23/i, 
whereas  Crandall's  curves  show  bands  separated  by  about  0.45  fi 
to  0.5/i  or  multiples  of  this  nimiber. 

^  Cnndall,  Fhys.  Rev.  («),  8,  p.  356;  i9i3< 
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Y.  VARIATION  OF  PHOTOBLBCTSIC  CURRENT  WITH  TIME 

OF  E3QPOSURE 

It  is  well  known  that  the  photoelectric  response  of  selenium 
lags  considerably  more  for  infra-red  rays  than  for  visual  rays. 
Molybdenite  is  much  quicker  than  selenium  in  its  photoelectric 
response  (change  in  electrical  conductivity)  when  exposed  to 
radiation,  irrespective  of  wave  length. 

In  view  of  the  far  greater  range  of  sensitivity  in  the  infra-red 
than  heretofore  observed,  it  is  of  interest  to  give  the  response- 
time  curves  of  molybdenite  for  various  wave  lengths. 

Fig.  14,  curve  A,  gives  the  spectral  photoelectric  sensitivity  of 
molybdenite  when  exposed  for  10  seconds,  while  curve  B  gives 
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Fig.  5. — Variation  of  photaeledric  current  with  time  of  exposure  to  radiaUon 

the  corresponding  curve  for  unlimited  exposure;  that  is,  exposure 
until  there  is  no  further  increase  in  the  galvanometer  deflection. 

At  X=o.76/i  the  difference  in  photoelectric  current  (galvanom- 
eter deflection)  for  limited  exposure  and  for  unlimited  exposure 
(which  at  this  point  was  about  30  seconds)  was  very  small.  On 
the  other  hand,  beyond  X  » i  .4^  the  response  is  so  slow  that,  on 
a  lo-second  exposure,  the  photoelectric  sensitivity  appears  to  be 
inappreciable. 

In  Fig.  5  a  series  of  response-time  ciuves  are  given,  showing 
the  variation  in  conductivity  (photoelectric  ciurent)  with  time  of 
exposure  to  the  radiation  stimulus  and  the  rate  of  recovery  of  the 
sample  to  its  original  resistance.  The  data  show  that  in  the 
yellow  part  of  the  spectrum  equilibrium  in  electrical  conduc- 
tivity is  attained  after  5  to  10  seconds  exposure.  ^  This  exposure 
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time  increases  very  rapidly  after  passing  beyond  X =0.75/1  where 
an  exposure  of  about  30  seconds  is  required.  The  time  for  recov- 
ery is  prolonged  to  about  two  times  the  exposure  time  for  equi- 
librium. In  making  the  observations,  twice  the  exposure  time  was 
therefore  allowed  for  recovery  of  the  original  conductivity. 

Experiments  ^*  show  that  at  low  temperatures  the  increase  in 
conductivity  of  selenium  when  exposed  to  light,  and  the  recovery 
after  exposure,  is  markedly  slower  than  at  ordinary  temperatures. 
It  is  of  interest,  therefore,  to  notice  the  behavior  of  molybdenite 
at  low  temperattu-es.  As  shown  in  Fig.  6,  lowering  the  tempera- 
ture has  no  marked  influence  upon  the  rate  of  response  (conduc- 
tivity) of  molybdenite  when  exposed  to  radiation ;  nor  is  the  time 
of  recovery  markedly  diflferent  from  that  observed  at  room  tem- 
perature. By  a  marked  difference  in  response  and  recovery  is 
meant  a  factor  of  two  or  three  times  the  time  (8  to  1 2  minutes) 
indicated  in  Fig.  5.  A  delay  of  one  to  three  minutes  for  recovery 
at  liqidd-air  temperatures,  as  compared  with  room  temperatures, 
is  not  to  be  considered  in  view  of  the  very  rapid  change  in  dark 
current  (zero  shift  of  scale  reading)  owing  to  a  slight  change  in 
temperature,  which  could  not  be  maintained  constant  closer  than 
about  0.03®  C. 

From  a  casual  inspection  of  Fig.  5  it  might  be  inferred  that  it 
required  a  longer  time  of  exposure  to  radiations  of  wave  length 
X«  1.784  M  than  for  X  =  2.033  M  in  order  to  obtain  conductivity 
equilibrium.  In  reality  the  upward  trend  of  the  curve  for 
X  =  2.033  M  shows  that  equilibrium  had  not  yet  been  attained 
after  10  minutes  exposure,  and  that  a  longer  expostue  should 
have  been  made.  However,  for  practical  purposes  it  was  better 
to  terminate  the  exposure  at  this  point  in  view  of  the  possibility 
of  losing  by  zero  shift  (temperature  change)  what  might  have 
been  gained  in  conductivity  change  by  further  exposure  of  the 
sample  to  radiation. 

In  Fig.  6  the  scale  of  galvanometer  deflections  for  X  =  1.357  /i  is 
magnified  fdtu*  times. 

In  practice  it  was  the  custom  to  allow  twice  the  exposure  time 
for  recovery.  The  fact  that  in  making  a  series  of  observations 
there  was  no  continuous  zero  shift  in  one  direction  would  indicate 
that  allowing  twice  the  exposiU"e  time  for .  recombination  was 
sufficient  for  complete  recovery  to  the  original  dark  resistance. 

^  McDoireUt  Phys.  Rev..  2S,  p.  524, 1910. 
111676*»— 19 3 
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VI.  SPECTRAL  RANGE  OF  PHOTOELECTRIC  SENSITIVITT 

The  first  tests  of  photoelectric  sensitivity  of  molybdenite  were 
made  by  using  wide  bands  of  spectral  energy  obtained  by  using 
glass  screens,''  residual  rays,  etc.  By  this  means  it  was  possible 
to  obtain  radiant  energy  stimuli  of  wave  lengths  ranging  from 
X= 0.365  M  in  the  ultra-violet  to  X=9  /li  in  the  remote  infra-red. 

When  using  the  transmission  glasses  the  source  of  light  was 
either  a  Nemst  glower  or  a  quartz  mercury  vapor  lamp.  The 
energy  was  measured  by  means  of  a  thermopile. 
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Fio.  6. — Variation  of  photoelectric  current  with  time  of  exposure  to  radiation 

For  making  this  examination  the  following  regions  of  the  spec- 
trum  were  utilized : 

1 .  That  part  of  the  spectrum  transmitted  through  a  5  per  cent 
solution^  of  cupric  chloride  in  a  cell  2  cm  in  thickness  and  a 
plate  of  Coming  glass,  G55,  A62  (new  number  G586).  The  maxi- 
mum of  the  transmitted  energy  lies  in  the  ultra-violet  at  about 
X»o.36  /i.  Insertion  of  a  piece  of  red  glass  showed  that  all  of 
the  observed  photoelectrical  activity  was  caused  by  the  ultra- 
violet rays  from  the  mercury  vapor  lamp.  A  subsequent  test 
showed  conclusively  that  molybdenite  at  room  temperature,  at 
least,  is  less  sensitive  in  the  ultra-violet  (X  =  0.36  ft)  than  in  the 
visible  spectrum,  as  shown  in  Fig.  14. 

2.  By  using  a  2  cm  cell  of  wat^r  and  Crookes's  sage-green  (fer- 
rous No.  30)  glass,  a  fairly  monochromatic  band  is  obtained,  hav- 
ing its  maximum  intensity  at  X  =  0.53  /x. 


n  This  Bulletin.  14,  p.  653.  1918.    Some  of  the  photodectric  data  obtained  by  this  method  were  glveo 
ttthe  Pittsbursh  meeting.  Amer.  Assn.  Adv.  Sd.,  Dec..  19x7  (see  Phys.  Rev..  13.  p.  140^  19x9). 
It  Bulletin,  7,  p.  6x9. 191  x;  9,  p.  xxo»  19x3. 
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3.  Using  a  Coming  Noviweld  glass  ''shade  30  per  cent,"  a  2 
cm  water  cell,  and  a  Nemst  glower,  regulated  to  give  equal  ener- 
gies throughout  the  spectrum,  the  maximum  intensity  of  the  light 
stimtilus  was  at  about  X =0.56  fi, 

4.  Using  Corning  purple  glass,  G55,  A62,  Schott's  red  glass, 
2745,  and  a  2  cm  cell  of  water,  gave  a  transmission  band  having 
its  maximum  intensity  at  X =0.77  /*. 

5.  Using  Coming  blue-purple  glass  G585,  Schott's  fed  glass, 
2745,  and  a  2  cm  cell  of  water  (when  using  the  Nemst  glower 
below  normal  operation)  gave  a  band  of  maximum  transmission 
at  about  X  =  0.85  m- 

6.  Using  three  sheets  of  electric-smoke  glass  gave  a  wide  band 
of  spectral  energy  with  a  maximum  at  about  2.2  /a. 

7.  The  radiation  from  a  Bunsen  flame  gave  an  emission  band 
with  maximum  at  4.4  /i. 

8.  The  residual  rays  obtained  by  reflection  from  two  surfaces 
of  quartz,  using  a  Nemst  glower  as  a  source,  gave  two  intense 
bands  of  selective  reflection,  8.5  m  and  9.05  /i,  respectively,  the 
mean  value  being  about  X  =  8.8  /*. 

Using  equal  energies,  the  data  obtained  by  this  method  showed 
that  molybdenite  is  somewhat  photoelectrically  sensitive  in  the 
violet,  and  has  a  maximum  of  sensitivity  at  about  i  /*  in  the  infra- 
red. An  indentation  in  the  curve  indicated  a  possible  maximum 
(No.  I  was  used,  see  Fig.  7)  at  X=«o.75  |a,  as  was  demonstrated 
conclusively  in  a  later  examination.  A  fairly  high  sensitivity  was 
indicated  at  2.2  fi.  The  Bunsen  flame  caused  a  small  change  in 
electrical  conductivity.  This  was  probably  produced  by  radia- 
tions of  wave  length  1.8  /a  and  2.7  /a.  A  subsequent  examination 
using  the  spectrometer  showed  no  sensitivity  at  3  to  4  fx. 

As  indicated  elsewhere,**  the  most  important  contribution  to 
be  made  by  this  test  was  to  establish  to  what  extent  this  decrease 
in  electrical  resistance  is  caused  by  rise  in  temperature  when 
exposed  to  radiation.  The  measurements,  using  radiations  domi- 
nating at  X  =  8  to  9  ju  are  useful  in  settling  this  question.  Since 
the  reflection  and  absorption  of  molybdenite  is  uniform  through- 
out the  spectrum  the  application  of  equal  energies  of  different 
wave  lengths  should  produce,  approximately  the  same  thermal 
change,  irrespective  of  the  wave  length. 

Using  radiations  of  wave  length  X  =  8  to  9  /x,  the  photoelectric 
effect  produced  a  galvanometer  deflection  of  15.5  to  16  mm.     On 

**  This  Bulletin,  14,  p.  603, 19x8. 
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inserting  a  plate  of  clear  glass,  which  is  opaque  to  radiations  of 
wave  length  greater  than  4  /i,  the  deflection  was  14.5  mm,  indi- 
cating that  the  photoelectric  effect  is  produced  by  scattered 
radiations  of  wave  length  less  than  4  /x.  Moreover,  it  is  caused 
entirely  by  the  energy  of  wave  lengths  less  than  4  /x.  For,  cor- 
recting for  losses  by  reflection  and  absorption  which  amount  to 
8  to  9  per  cent  in  the  glass  plate,  the  deflection  is  increased  from 
14.5  to  15.8  mm,  which  is  in  agreement  with  the  observations 
made  without  the  glass. 

The  conclusions  to  be  drawn  from  these  experiments  are  that 
molybdenite  is  not  photoelectrically  sensitive  to  infra-red  rays  of 
wave  lengths  X  =  8  to  9  pi ,  and  that  the  observations  at  the  shorter 


Fio.  7. — Spectral  photoelectric  sensitivity  of  different  parts  of  a  crystal  of 

molybdenite 

wave  lengths  were  not  affected  by  the  purely  thermal  changes 
produced  on  exposure  to  radiation. 

Vn.  EXPERIMENTAL  DATA  ON  VARIOUS  SAMPLES 

Unless  otherwise  stated,  the  samples  examined  were  selected 
from  material  obtained  from  Yorkes  Peninsula,  South  Australia. 
Yhey  were  numbered  consecutively  as  investigated.  Their  dimen- 
sions and  resistances  are  given  in  Table  3.  Under  the  present 
caption  are  given  additional  particulars  and  comments  relative 
to  the  behavior  of  these  samples.    . 

In  all  these  illustrations,  unless  otherwise  stated,  the  samples 
were  exposed  in  the  glass  container  P,  shown  in  Fig.  2. 

In  these  illustrations  the  ordinates  represent  the  observed 
galvanometer  deflections,  which  are  proportional  to  the  change  in 
electrical  conductivity  caused  by  the  energy  stimulus. 
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TABLE  3. — ^Dark  Resistance  of  Molybdenite  Samples  Against  Direction  of  Current 

[Key  to  symbol.:  L-Length;  H^-^dth;  T-thickness  in  centimeters;  SP.  jg-^^^;  r  ^^  ip. 


ohfflic  rcsiBtance  in 
Col- Colorado.] 

opposite  directions. 

Al- Alaska;  C 

-Canada; 

J-Japaaj 

No. 

Source. 

R 

/?i 

R-R' 

R-R^ 

L 

W 

T 

SP.R 

SP.R^ 

1 

A 

640  000 

1  340  000 

457  000 

600  000 

590  000 

1  670  000 

100  000 

448  000 

4000  000 

3300  000 

540  000 

334  000 

675  000 

1  050  000 

9900  000 

820  000 

54  000 

8500 

1  760 
9  470 

2  875 
69  800 
20  900 
17  210 

625  000 
1  135  000 
443  000 
590  000 
515  000 

1  640  000 

92  000 

440000 

3900  000 

2  100  000 
463  000 
329  000 
570  000 

1  000  000 

5000  000 

790  000 

16  400 

4300 

1  760 
9  470 

2  875 
69  800 
20  900 
16  980 

15  000 

205  000 

14  000 

10  000 

75  000 

30  000 

8000 

8000 

100  000 

1  200  000 

77  000 

5000 

105  000 

50  000 

4  900  000 

30  000 

37  600 

4  200 

0 

0 

0 

0 

300 

230 

2.3 
15.3 

3.1 

1.7 
12.7 

1.8 

8 

1.8 

2.5 
36.4 
14.3 

1.5 
15.6 

4.8 
49.5 

3.7 
69.6 
49.4 
0 
0 
0 
0 

1.4 

1.3 

0.6 
.8 
.8 

0.4 
.4 
.2 

2 

4 

5 

A 

A 

A 

0.004 
.011 

2680 
1255 

2270 
1215 

6 

7 

A 

A 

.7 

.4 

.008 

2690 

2350 

8 

A 

.6 

.7 

.6 

.8 

.6 

.7 

.8 

.8 

.5 

.8 

.8 
1.1 
1.2 
1.5 
'.68 

.9 

.85 

.87 

.5 

.4 

.35 

.5 

.5 

.3 

.3 

.35 

.3 

.4 

.3 

.3 

.3 

.5 

.35 

.12 

.17 

.12 

.006 
.003 
.006 
.008 

500 

758 
14  000 
16  500 

460 

9 

10 

11 

A 

A 

A 

751 
13  700 
10  500 

12 

A 

13 

A 

' 

14 

A 

15 

16 

A 

A 

.007 

3220 

3060 

17 

A 

18 

19 

AL 

Al 

.005 
.005 
.006 
.005 
.006 
.001 
.002 
.004 

101 
11.6 

2.6 
15.8 

8.9 
10 

8.5 

9.5 

30.7 
5.86 

200 

21« 

C 

c 

2.6 
15.8 

22« 

23« 

24« 

J 

C 

c 

8.9 
10 
8.5 

25« 

Col 

9.4 

•nonsensitive. 


Sample  No.  i. — In  Fig.  7  curve  A  gives  the  spectral  photo- 
electric sensitivity  when  this  sample  was  mounted  directly  in 
front  of  the  spectrometer  slit  S,  Fig.  2,  and  hence  observed  at  a 
somewhat  higher  intensity  than  curve  D,  which  was  observed 
when  the  sample  was  in  the  glass  container. 

The  motmting  of  this  specimen  happened  to  be  perforated, 
permitting  irradiation  of  tlie  rear  surface  of  the  molybdenite. 
Curves  B  and  C  show  the  change  in  electrical  conductivity  when 
an  edge  and  central  portion  of  the  rear  side  were  exposed  to 
radiation. 

As  will  be  noticed  in  subsequent  tests  of  other  samples,  the 
position  of  the  maxima  and  their  relative  intensities  as  well  as 
their  absolute  intensities  depend  upon  the  part  of  the  crystal 
exposed.  This  sample  has  maxima  at  wave  lengths  X=o.72Mi 
i.o2fi,  and  1.78M. 

The  effect  of  temperature  and  of  intensity  upon  these  maxima 
is  illustrated  in  Figs.  14  to  17. 
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Sample  No.  2. — Curves  A  and  B,  Fig.  8,  show  the  photoelectric 
sensitivity  of  two  regions  of  this  sample.  A  small  maximum 
appears  at  X  »o.85m  and  two  maxima  of  about  equal  intensity  at 
wave  lengths  X=o.99/i  and  1.85/1,  respectively. 

Sample  No.  3. — Curves  C  and  D,  Fig.  8,  illustrate  the  photo- 
electric behavior  of  two  positions  on  this  sample  which  appears 
similar  to  sample  No.  i.  There  are  maxima  at  wave  lengths 
X=o.73M,  1.03/i,  and  1.82;*,  respectively. 


^       6       /       a       .4^       .«       ,8       a      •«       ^/k 

Fig.  8. — Photoelectric  sensitivity  of  different  parts  of  a  crystal;  also  of  different  crystals 

Sample  No.  4. — ^This  is  the  most  remarkable  sample  examined 
in  that  at  room  temperature  it  has  but  one  maximum,  occurring 
at  about  X«o.85m;  Fig.  9,  curves  D  and  E,  show  the  photo- 
electric behavior  for  two  positions.  The  photoelectric  sensitivity 
seemed  to  be  confined  to  one  small  spot  (see  Fig.  19)  for  its 
behavior  at  low  temperatures. 

Sample  No.  5. — Curves  A,  B,  C,  Fig.  9,  illustrate  the  photo^ 
electrical  behavior  of  different  parts  of  the  siuf  ace.  This  sample 
is  conspicuous  for  the  absence  of  the  first  band  usually  observed 
at  X =o.7M  to  o.SfA  and  for  the  greater  intensity  of  the  1.85/4  band 
as  compared  with  the  one  at  i/i. 


KmhUr 


] 


Physical  Properties  of  Molybdenite 


139 


Sample  No.  6. — In  Fig.  10  the  lower  curve  shows  the  behavior 
of  sample  No.  6,  which  is  similar  to  No.  5,  with  a  possible  small 
band  at  X  »o.8m.    The  other  maxima  are  at  1.02/i  and  1.85M. 

The  inserted  diagram  shows  the  important  spots  (indicated  by 
shaded  areas)  of  photoelectric  sensitivity.  The  black  dots  rep- 
resent points  giving  high  rectification  of  current,  which  will  be 
discussed  presently. 

Sample  No.  7. — In  Fig.  10  cmve  A  illustrates  the  spectral 
photoelectric  response  of  the  central  portion  of  sample  No.  7.     In 


Flo.  9. — Photoelectric  sensitivity  of  different  parts  of  a  crystal;  also  of  differerU  crystals 

the  upper  rectangular  diagram  the  shaded  area  represents  the 
portion  of  the  crystal  which  was  photoelectrically  sensitive, 
while  the  black  dots  r^resent  points  which  showed  high-current 
rectification.  There  are  maxima  at  wave  lengths  X  =»  0.85/i,  i  .02/i, 
and  1.85M. 

Sample  No.  8. — In  Fig.  1 1  the  shaded  portion  of  the  rectangular 
diagram,  marked  M0S2,  represents  the  portion  of  the  sample 
which  was  photoelectrically  sensitive  as  determined  with  a  pho- 
tophone,  the  energy  stimulus  being  about  i  mm  in  diameter.    The 
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image  of  the  spectrometer  slit  (0.5  by  10  mm)  was  projected 
lengthwise,  at  the  points  marked  ^4,  5,  C,  D,  and  E  upon  the 
crystal.  The  corresponding  sensitivity  curves  are  given  in  Figs. 
II  and  12.  These  curves  (C  is  incomplete)  are  interesting  in 
that  they  show  the  gradual  development  of  a  maxhntun  at  wave 
length  X=o.85)Lt,  belonging  to  a  crystal  aggregation  in  the  center 
of  the  sample,  which  differs  from  the  sensitive  material  along  the 
lower  edge  of  the  crystal,  curve  E.  The  material  along  the  lower 
edge  of  the  crystal  produced  but  two  maxima,  at  wave  lengths 
X  =  1.02/X  and  1.85/X,  respectively,  as  found  in  sample  No.  5. 

Sample  No.  9. — In  Fig.  13  is  given  the  spectral  sensitivity  curve 
of  sample  No.  9,  which  is  conspicuous  for  its  two  maxima  of  equal 


^f      4      .e      ^      41      0A«^ 

Fig.  10. — Photoelectric  sensitivity  of  various  crystals  of  molybdenite 

intensity  at  wave  lengths  X  =  i.o2/i  and  1.85^,  and  a  small 
maxima  at  X  »o.85m. 

Sample  No.  10. — ^This  sample  was  quite  insensitive.  However, 
an  examination  of  two  positions,  curves  A  and  B,  Fig.  13,  shows 
a  maximum  sensitivity  at  wave  length  X  =o.86m.  It  is  sensitive 
also  in  the  region  of  X  =  i.85/i,  as  observed  in  other  samples, 
especially  No.  4. 

Sample  No.  11. — ^The  dotted  curve  in  Fig.  12  gives  the  sensi- 
tivity curve  of  sample  No.  11,  which,  like  No.  5,  is  conspicuous 
for  the  absence  of  the  band  usually  found  at  about  o.Sfi.  The 
maxima  of  sensitivity  are  at  wave  lengths  X  « i  .02/1  and  i  .8511, 
respectively. 
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Samples  No.  18,  20  ^  and  22. — ^These  samples  were  tested  for 
sensitivity  at  the  temperature  of  boiling  liquid  air  where,  as  shown 
in  Fig.  21,  they  show  sensitivity  in  the  region  of  X  «o.85/i. 

At  room  temperattues  sample  No.  18  showed  sUght  sensitivity 
(i  to  2  mm  deflection)  in  the  spectrum  from  o.6/i  to  i/i.  Sam* 
pies  No.  20  and  22  were  not  sensitive  even  when  exposed  to  radia- 
tion of  much  higher  intensity. 

The  forgoing  results  show  that  at  room  temperatures  the 
sensitivity  maxima,  at  wave  lengths  X«  1.02^  and  i.8o/i,  respec- 
tively, always  occur  together.    Some  samples  show  an  additional 


Fig.  iz. — Photoelectric  sensitivity  of  different  parts  of  molybdenite  sample  No.  8.     {See 

also  Fig.  12.) 

maximum  at  X='0.7iLi  to  0.85/*.    Other  samples   show  only  a 
single  band  of  sensitivity  at  wave  length  X  —  0.85/t. 

Vm.  EFFECT  OF  INTENSITY  OF  {lADIATION   UPON  ELEC- 
TRICAL  CONDUCTIVITY 

Attempts  have  been  made  to  formulate  laws  connecting  the 
intensity  (energy  E)  of  the  exciting  light  and  the  resulting  change 
(galvanometer  deflection)  in  conductivity  of  the  selenium  cell. 
In  an  investigation  of  the  application  of  selenitun  to  photometry 
Kimd  **  points  out  that  the  final  law  will  depend  upon  the  char- 
acter of  the  cell,  time  of  exposure,  and  the  absolute  intensity  of 
the  exciting  light.     He  made  no  attempt  to  establish  a  law  for 

^  Ffiind.  Phys.  Rev.,  84,  p.  375, 191a. 
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very  intense  or  very  weak  iUuminations.  Using  exposures  of  12.5 
seconds,  he  found  that  the  law  connecting  d  and  £  to  be  approxi- 
mately of  the  form  d  ^K  E^  where  K  and  |8  are  constant  as  long 
as  the  wave  length  of  the  exciting  light  remains  unchanged. 
The  value  of  /3  was  approximately  0.5,  or  the  conductivity  is 
approximately  proportional  to  the  squaie  root  of  the  energy 
stimulus. 

In  a  subsequent  investigation  of  the  selenium  cell,  Nichol* 
son,**  using  unlimited  exposures,  foimd  the  square-root  law  to 
be  only  approximately  true;  that  instead  of  the  value  of  j8  being 


Pig.  12. ^^PkoUfelKtric  senntivity  cf  differetU  parts  of  a  crystal 

constant  there   is   an   appreciable   minimtmi  at  X»o.6/i  where 
j9  =0.4.    Spectral  purity  does  not  explain  this  disagreement. 

Using  exposures  of  10  seconds,  Elliot '^  investigated  the  law 
connecting  the  energy  of  the  exciting  light  and  the  change  in 
conductivity  induced  in  stibnite.  He  assumed  the  square-root 
law  to  hold,  and  fotmd  that  the  values  of  j9  did  not  prove  the  law. 
He  argues  that  if  unlimited  exposures  had  been  used  it  would 
be  safe  to  say  that  the  square-root  law  would  hold  for  stibnite, 
and  then  concludes  that  stibnite  obeys  the  law,  with  P^o.5, 
approximately.  The  conclusion  to  be  drawn  from  the  foregoing 
citation  is  that  the  experimental  data  do  not  indicate  a  simple 


^  Nicholsoa,  Phys.  Rev.  (a),  S,  p.  9, 19x4. 


"  Elliot,  Phys.  Rev.  (a),  S,  p.  59.  i9i5< 
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squaie-root  law,  though  for  very  rough  calculations  one  might 
assume  the  law  to  obtain. 

In  view  of  the  uncertainty  of  the  experimental  data  just  cited 
it  was  of  interest  to  make  similar  tests  of  the  effect  of  intensity 
of  the  exciting  light  upon  the  electrical  conductivity  of  molyb- 
denite at  22^  C. 

For  this  purpose  sample  No.  i  was  securely  mounted  in  front 
of  the  spectrometer  slit  5,  Fig.  2.  The  observations  are  illus- 
trated in  Fig.  14,  in  which  curve  B  gives  the  sensitivity  for  an 
intensity  E = 20,  while  curve  C  shows  the  change  in  conductivity 
produced  by  an  intensity  £  » i .  The  latter  intensity  was  obtained 
by  covering  the  prism  with  a  piece  of  black  cardboard  with  a 


Fig.  13. — Photoelkciric  sensitivity  of  different  crystals  of  molybdenite 

slit  in  it,  which  happened  to  transmit  almost  exactly  one-twentieth 
of  the  initial  intensity.  The  results  show  that  on  increasing  the 
intensity  20  times  the  spectral  photoelectric  responses  are  increased 
about  10  times  in  the  region  up  to  o.75/Lt»  11  times  at  i.05m»  and 
20  times  at  i.8/Lt.  In  other  words,  on  increasing  the  intensity 
20  times  the  change  in  conductivity  produced  by  energy  of  wave 
lengths  X  =  1 .8/1  is  twice  as  great  as  observed  at  X  =0.75/1.  These 
energy  stimuli  are  indicated  by  E  =  i  and  £  =  20  in  Fig.  15,  which 
gives  a  series  of  isochromatic  response  curves  for  various  wave 
lengths  and  for  much  higher  intensities  (40  times  greater)  than 
used  in  the  investigation  of  the  various  samples  just  described. 

In  Fig.  14  curve  A  is  for  limited  exposure  and  cmve  B  for  expo- 
sure until  a  steady  state  is  attained,  as  already  described. 
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Using  the  data  illustrated  in  Fig.  15,  which  are  for  unlimited 
exposure  (and  are  considered  more  accurate  than  those  illus- 
trated in  Fig.  14),  computations  were  made  to  test  the  validity 
of  the  square-root  law.  The  computations  show  that  (see  Table 
4)  the  induced  change  in  electrical  conductivity  is  not,  as  a  gen- 
eral rule,  proportional  to  the  square  root  of  the  intensity  (energy) 
of  the  radiation  stimulus. 

For  example,  selecting  wave  length  X  =  0.6252/*,  using  E^2 
and  jE  =  8  (square  root  of  ratio  =  2),  the  corresponding  galvano- 
meter deflections,  d,  are  4.4  and  9.8,  or  a  ratio  of  2.23  instead 


Fig.  14. — Effect  of  intensity  of  radiation  upon  spectral  photoelectric  sensitivity 

of  2.0,  as  would  be  expected  on  the  basis  of  the  alleged  square- 
root  law. 

TABLE  4.^Showi]ig  the  Relation  Between  the  Intensity  £  of  the  Exciting  Li^t 
and  the  Resulting  Change  in  Conductivity^  Galvanometer  Deflectioiiy  d\  d^hEfi 
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From  the  intensities  used  and  the  spectral  range  examined,  it 
appears  that  at  low  intensities  of  the  exciting  radiation  the  change 
in  electrical  conductivity  induced  in  molydenite  is  much  greater 
than  for  higher  intensities.  For  rough  calculations  the  value  of 
0  =0.43  may  be  used. 
2¥ 


Fig.  15. — Effect  of  intensity  of  radiation  upon  photoelectric  response 

The  data  in  Table  4  were  obtained  from  Fig.  15,  in  which  the 
abscissa  represents  the  energy,  £,  to  which  the  molybdenite  was 
exposed.  Using  even  values  of  E  and  four  times  its  value  (e.  g., 
£  =  4  and  £  =  i6)  the  ratio  of  the  corresponding  galvanometer 
deflections,  d^^-^d^  should  equal  the  whole  number  2  if  the  square- 
root  law  holds.    An  inspection  of  these  columns  of  ratios  ( ;/  )  ^^^ 

different  wave  lengths  shows  that  the  value  /3  depends  upon  the 
wave  length  as  well  as  the  intensity  of  the  exciting  radiations. 
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EL  EFFECT  OF  TEMPERATURE  ON  PHOTOELECTRIC  SEN- 
SITIVITY 

An  interesting  part  of  this  investigation  was  the  determination 
of .  the  effect  of  temperature  on  photoelectrical  conductivity. 
The  electrical  conductivity  of  molybdenite  decreases  rapidly 
with  decrease  in  temperature,  so  that  at  a  temperature  of  ~  140® 
to  — 178®  C  (attained  by  cooling  with  liquid  air)  the  resistance 
is  150  to  2000  times  as  great  as  at  room  temperature.  On  the 
other  hand,  at  this  low  temperature  the  change  in  conductivity 
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Fio  16. — Effect  of  temperature  upon  photoelectric  sensitivity 

induced  in  some  samples  of  molybdenite,  when  exposed  to  radia- 
tion of  certain  wave  lengths,  is  from  50  to  200  times  as  great  as 
at  room  temperatures.  This  comparison  was  obtained  by 
increasing  the  voltage  applied  to  the  sample,  at  liquid-air  tempera- 
ture, to  produce  practically  the  same  dark  current  (galvanometer 
deflection  of  60  to  85  cm)  as  obtained  when  the  sample  was 
operated  at  room  temperature.  In  practice  the  samples  were 
operated  on  2  to  4  volts  at  room  temperature  and  on  40  to  133 
volts  (dry  cells)  at  liquid-air  temperatures.  The  dark  currents 
were  noted  and  a  factor  was  applied  to  indicate  the  deflection  that 
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would  have  been  obtained  if  the  sample  had  shown  the  same 
dark  current  at  these  two  temperatures.  This  does  not  aflfect 
the  relative  spectral  sensitivity  curves,  but  merely  gives  the 
reader  some  idea  of  the  size  of  the  deflections  that  would  be 
expected  when  the  crystal  was  examined  under  comparable 
conditions. 

Sample  No.  j. — In  one  test  the  molybdenite  sample  No.  i 
was  mounted  in  a  small  wooden  box  containing  a  thermometer  and 
a  thin  strip  of  platinum  heated  by  a  storage  battery.  A  rock- 
salt  window  permitted  exposure  to  radiation.  The  sample  was 
moimted  at  the  exit  spectrometer  slit.     As  shown  in  Fig.  16,  using 


cm 


Fig.  17. — Effect  of  temperature  upon  spectral  photoelectric  sensitivity 

the  same  intensity  (applied  voltage,  2  volts)  and  varying  the 
temperature  of  the  sample,  it  was  found  that  the  maxima  at 
X  =  i.5/i  and  1.78/i  decreased  very  rapidly  in  intensity,  so  that 
at  80°  C  the  photoelectric  action  produced  by  radiations  of 
these  wave  lengths  had  practically  disappeared,  whereas  the 
radiations  of  short-wave  lengths  still  produced  a  change  in 
electrical  conductivity. 

In  the  following  tests  the  sample  was  mounted  in  the  glass 
receptacle  illustrated  in  Fig.  2  and  the  temperature  changed  as 
already  described.  In  Fig.  1 7  is  illustrated  the  change  in  photo- 
electric sensitivity  of  sample  No.  i  when  operated  at  23®  C, 
0°  C,  and  —115°  C.  For  the  latter  temperature  the  observed 
galvanometer   deflections    (maximum  =  16   cm)    were   multiplied 
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by  the  factor  8,  in  order  to  show  the  approximate  sizes  of  the 
deflection  to  be  expected  for  the  same  dark  cmrent.  The 
potential  actually  applied  was  lo  volts. 

At  o°  C,  sample  No.  i  on  2  volts  gave  a  (dark-current)  gal- 
vanometer deflection  of  43  cm  and  on  4  volts  a  deflection  of  86 
cm.  Using  radiations  of  X  =0.724/1,  the  corresponding  (photo- 
electric) galvanometer  deflections  were  23.5  and  47  mm,  respec- 
tively, indicating  a  close  proportionality  between  the  dark  current 
and  the  phptoelectric  current. 


4  -^  ^  J  ««¥-6<6J^« 

Fig.  x8. — Effect  of  temperature  upon  spectral  photoelectric  sensitivity 

These  curves  show  that  as  the  temperature  decreases  the 
radiations  of  short-wave  lengths  produce  a  greater  change  in 
electrical  conductivity  than  do  the  long- wave  lengths.  As  a 
result,  the  maximum  of  the  sensitivity  curve  is  shifted  from 
X  =  1 .02/i  to  X  =0.75/*.     A  new  band  occm^  at  X  =  i  .2/Lt. 

Sample  No.  2, — In  Fig.  18  are  given  the  photoelectric  sensitivity 
curves  of  sample  No.  2  at  23®  C  and  —172^0,  respectively.  In 
the  latter  the  scale  of  deflections  is  magnified  8  times,  to  represent 
equal  dark-ciurent  conditions.  The  voltage  applied  at  — 172°  C 
was  133  volts.  The  maximum  of  the  sensitivity  curve  is  shifted 
to  the  short  wave  lengths,  the  maxima  being  at  X=o.88/i»  i.20m» 
and  1.9/i,  respectively. 
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Sample  No.  4. — The  effect  of  temperature  upon  the  photoelec- 
tric conductivity  of  sample  No.  4  is  shown  in  Fig.  19.  The 
observations  at  25^  C  confirm  the  measurements  made  some 
months  earlier,  curves  D  and  E,  Fig.  9.  At  — 178®  C  the  maxi- 
mtun  appears  to  be  shifted  slightly  to  the  longer  wave  lengths, 
X  »o.89M,  and  a  second  band  appears  at  X  » 1.23M.  The  observed 
g^alvanometer  deflections  (2  cm  at  X  =  1.23/11)  are  multiplied  by 
the  factor  25,  to  indicate  the  deflections  to  be  expected  for  the 
same  dark  current,  at  these  two  temperatures.  The  deflections 
being  so  small  it  is  uncertain  whether  the  1.23M  band  is  present 
at  room  temperature.  At  —178°  C  this  sample  was  practically 
nonconducting,  and  133  volts  were  applied  in  making  the  exami- 
nation, as  against  2  volts  at  room  temperature. 


Fig.  19. — Effect  cf  temperature  upon  spectral  photoelectric  sensiUvity 

Sample  No.  5. — In  Fig.  20  are  given  a  series  of  photoelectric 
conductivity  curves  of  sample  No.  5,  which  was  mounted  as 
shown  in  Fig.  2  and  observed  under  similar  conditions.  The 
temperature  points  38®  C,  26®  C,  o®  C,  and  - 142®  C  were  obtained 
by  means  of  hot  water,  ice,  and  liquid  air,  as  already  explained* 
The  potentials  applied  were  2  volts  at  38°  C  and  26®  C,  4  volts  at 
o**  C,  and  40  volts  at  142*^  C.  The  observed  galvanometer  deflec- 
tions are  given  in  Fig.  20.  In  order  to  make  the  observations 
comparable  (for  the  same  dark  cturent) ,  the  galvanometer  deflec- 
tions for  o®  C  would  be  1 7  times  greater  than  plotted  in  Fig.  20. 

These  data  are  of  interest  in  showing  the  rapid  shift  of  the 
maximum  sensitivity  toward  the  short  wave  lengths,  with 
decrease  in  temperature.  At  -142®  C  there  are  maxima  at 
X-»o.88m,  I -35/*,  and  1.9^1,  respectively,  as  compared  with  two 
maxima  at  X«i.o2/i  and  1.9/t,  respectively,  at  room  tempera- 
tures. 
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In  view  of  the  long  time  required  in  order  to  obtain  the  data 
at  i.8/i,  the  irregularities  in  the  relative  intensities  and  in  the 
position  of  the  maximum  are  probably  to  be  attributed  to  experi- 
mental errors. 

Sample  No.  i8. — ^National  Museum  specimen  No.  61448,  from 
Shirakawa  Hidi,  Japan.  This  material  had  a  low  resistance  and 
a  low  photoelectrical  conductivity  at  room  temperatures.  At 
liquid-air  temperatures,  —178°  C,  this  sample  shows  a  band  of 


MH. 

E8 

• 

/ 

(y-ifvc 

N»V 

' 

Z^ 

• 

/ 

/t\0*C 

• 

zo 

• 

f 

jir\ 

1^ 

. 

/ 

/. 

r\  \ 

- 

/ 

/P^  u\ 

i 

\\      . 

5' 

■ 

/  / 

/  9n\  ^ 

jjL 

\ 

0 

• 

-^ 

/x:: 

Fig.  20,-^Effect  of  temperature  upon  spectral  photoelectric  sensitivity 

photoelectrical  sensitivity  with  a  maximum  at  X=o.85iLt.  (See 
Fig.  21.) 

Sample  No.  20. — National  Museum  specimen  No.  53046,  from 
Wakefield,  Canada.  Transmission  and  reflection  measurements 
were  also  made  on  this  material,  which  has  a  low  photoelectric 
conductivity  even  at  low  temperatures,  at  — 177**  C.  There  is  a 
single  maximiun  at  wave  length  X  =o.85/i  (lower  curve  of  Fig.  21). 

Sample  No.  22. — National  Museum  specimen  No.  86194,  from 
near  Chilcoot  Pass,  Alaska.  This  material  has  a  low  resistance 
and  low  photoelectric  sensitivity  at  room  temperatures.  At 
—  1 78°  C  this  material  shows  a  wide  band  of  spectral  photoelectric 
sensitivity,  with  a  maximum  at  wave  length  X=o.85m.     (Fig.  21). 

A  general  survey  of  these  curves  shows  that  samples  of  molyb- 
denite which  show  but  small  photoelectrical  sensitivity  at  room 
temperatures  exhibit  considerable  photoelectrical  conductivity  at 
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the  temperature  of  boiling  liquid  air.  This,  of  course,  is  to  be 
expected  in  view  of  what  was  observed  on  samples  which  are 
quite  sensitive  at  ordinary  temperatures.  The  comparison  is  one 
of  magnitude  of  photoelectrical  sensitivity  rather  than  one  of 
quality.  For  at  low  temperattu^s,  where  all  samples  exhibit 
sufficient  photoelectrical  sensitivity  to  make  the  tests  trustworthy, 
the  maximum  photoelectrical  conductivity  of  samples  from  differ- 
ent localities  is  produced  by  radiations  of  wave  lengths  in  the 
spectrum  at  X  -0.85M.  As  already  mentioned,  Crandall  *•  records 
observations  made  by  Trowbridge  which  show  that  the  trans- 
parency of  molybdenite  is  considerably  increased  in  the  visible 


Fig.  si.-^Effict  of  temperature  upon  spectral  photoelectric  sensitivity 

Spectrum  when  the  material  is  cooled  to  liquid-air  temperature. 
Just  what  this  has  to  do  with  a  similar  shift  of  the  maximum  of 
the  photo  electric  sensitivity  curve  toward  the  visible  spectrum  is 
not  known.  That  such  a  shift  occurs  appears  to  be  an  established 
fact.  That  the  greatest  photoelectrical  activity  occurs  where  the 
absorption  is  low,  and  that  this  region  of  maximum  activity  shifts 
toward  the  region  of  maximum  absorption,  is  worthy  of  notice 
even  though  no  explanation  is  offered  to  account  for  the  observa- 
tions. 

X.  EFFECT    OF   HUMIDITY,   VACUUM,   AND    MECHANICAL 

WOREING 

In  the  early  part  of  this  investigation  the  question  arose  as  to 
the  effect  of  humidity  on  the  photoelectrical  conductivtiy  of 
molybdenite.    The  test  was  made  in  an  air-tight  glass  receptacle 

^  Crandall.  Phys.  Rev.  (s),  2,  p.  343;  19x3. 
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which  replaced  the  glass  tube  G,  Fig.  2.  Pro  vision  was  made  to 
introduce  phosphorus  pentoxide  into  the  vessel  and  seaKng  it 
without  disturbing  the  adjustments.  An  interval  of  four  hours 
elapsed  after  introducing  the  dehydrating  material.  The  obser* 
vations  were  made  at  25®  C  with  the  humidity  of  the  surrounding 
air  amounting  to  81  per  cent  or  12.1  g  per  cubic  meter. 

The  results  obtained  show  that  this  amount  of  moisture  had  no 
observable  effect  upon  the  photoelectrical  conductivity. 

Observations  of  the  effect  of  air  upon  photoelectrical  change  in 
conductivity  were  made,  using  the  sample  in  the  glass  receptacle 
G,  Fig.  2.  Keeping  the  temperature  constant,  the  results  obtained 
with  the  molybdenite  in  air  and  a  vacuum  show  that  the  spectral 
photoelectric  sensitivity  curve  was  not  affected  by  the  surrounding 
air.  Recent  experiments  of  Tisdale'*  indicate  that  the  photo- 
electric conductivity  of  selenium  is  affected  by  gases  and  metallic 
vapors. 

The  conclusion  arrived  at  is  that  the  photoelectrical  conductivity 
observed  in  molybdenite  is  inherent  in  the  crystal,  and  that  this 
property  is  not  affected  by  the  ordinary  changes  in  humidity  and 
gas  pressure. 

One  line  of  investigation  which  requires  further  attention  is 
the  effect  produced  upon  the  photoelectrical  sensitivity  when  the 
surface  of  the  molybdenite  sample  is  worked  mechanically. 

In  a  previous  investigation '®  it  was  fotmd  that  silver  sulphide 
which  had  been  prepared  in  the  laboratory  and  subjected  to 
rolling  and  hammering  was  not  very  sensitive  photo-electrically. 
On  the  other  hand,  a  sample  of  the  natural  mineral,  acanthite  AgjS, 
was  rendered  photoelectrical^  insensitive  by  hammering  the 
crystals  into  a  flat  plate.  Ftirthermore,  in  this  preliminary  work 
there  was  evidence  that  samples  of  molybdenite  were  photo- 
electrically  less  sensitive  after  rubbing  and  polishing  the  lamina. 

In  the  present  tests  the  sample  was  soldered  to  No.  26  copper- 
wire  electrodes  (see  Fig.  10)  and  a  sensitive  spot  was  located  by 
means  of  the  radiophone.  This  photoelectrically  sensitive  spot 
was  then  pressed  and  rubbed  with  a  smooth,  flat,  wooden  tooth- 
pick. On  reexamination  (using  a  radiophone) ,  the  spot  was  found 
less  sensitive  photoelectrically  than  it  was  before  subjecting  it 
to  pressure.  No  material  having  been  removed  in  the  process  of 
rubbing  and  smoothing  the  surface,  it  would  appear  that  destruc- 
tion of  crystal  structure  may  have  something  to  do  with  the  change 

»  Tifldale,  Phys.  Rev.  (a),  12,  p.  jas:  i9«8.  "  This  Bulletin,  14,  p.  591 ;  1918. 
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in  photoelectric  sensitivity.  Sometimes  laminse  of  molybdenite 
are  found  which  contain  pockets  of  fine  crystalline  material,  and 
it  is  not  mu-easonable  to  suppose  that  crystals  of  microscopic  size 
are  included  in  the  regular  lamina. 

XI.  PHOTOELECTRIC   SENSITIVITY    VERSUS  CURRENT 

RECTIFICATION 

In  the  course  of  this  investigation  it  was  observed,  as  already 
mentioned,  that  samples  of  molybdenite  which  are  photo- 
electrically  sensitive  have  a  considerably  higher  electrical  resist- 
ance (see  Table  3)  than  samples  which  are  not  sensitive  to  light. 
Moreover,  the  conductivity  of  the  insensitive  samples  was  found 
to  be  quite  independent  of  the  direction  in  which  the  current 
passed  (lengthwise)  through  the  crystal. 

On  the  other  hand,  samples  of  molybdenite  which  are  sensitive 
photoelectrically  were  found  to  possess  a  much  higher  conduc- 
tivity when  the  electric  current  (from  a  4-volt  battery)  was 
passed  in  one  direction  than  when  it  was  passed  in  the  opposite 
direction  through  the  crystal.  As  shown  in  Table  3,  this  diflfer- 
ence  in  current  leakage  (dark  current),  as  dependent  upon  the 
direction  of  the  current  through  the  crystal,  varied  from  10  to  30 
per  cent  for  different  crystals.  In  observing  the  foregoing  sen- 
sitivity curves,  the  photoelectric  current  was  therefore  propor- 
tionately increased  by  connecting  the  crystal  into  the  battery 
circuit  in  the  proper  direction  to  obtain  the  maximum  change  in 
photoelectric  conductivity. 

In  view  of  these  observations  it  was  of  interest  to  determine 
whether  there  is  any  connection  between  photoelectric  sensitivity 
and  the  rectifying  action  which  occiurs  when  the  crystal  is  placed 
in  a  high  frequency  oscillating  circuit.*^ 

For  this  purpose  crystals  (size  10  by  4  by  o.i  mm)  were  selected 
which  showed  one  or  two  small  photoelectrically  sensitive  spots, 
but  which  were  quite  insensitive  throughout  the  remainder  of  the 
surface  of  the  crystal. 

These  sensitive  spots  were  mapped  by  projecting  a  spot  of  light 
upon  the  sample,  the  change  in  conductivity  being  detected  by 
means  of  the  radiophonic  apparatus  described  elsewhere  in  this 
paper.  In  Figs.  10  and  11  the  rectangular  areas  represent  the 
sample  soldered  to  copper-wire  electrodes.  The  photoelectrically 
sensitive  spots  are  represented  by  the  cross-hatched  areas. 

*  These  data  were  obtained  in  coUabonition  with  Dr.  hoaise  S.  McDowell  and  reported  upon  at  the 
meeting  of  the  American  Phys.  Soc.,  December,  19x8;  Phys.  Rev..  It,  p.  154, 1919. 
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The  rectification  tests  were  made  by  means  of  an  ordinary- 
tuned  buzzer  circuit.  The  telephone  and  detector,  in  series,  were 
placed  in  parallel  with  the  condenser  of  the  secondary  circuit. 
The  coupling  was  adjusted  to  produce  strong  oscillations  in  the 
secondary  circuit. 

The  molybdenite  crystal  was  explored  for  rectification  by 
touching  the  surface  by  means  of  a  fine  metal  point.  In  Figs.  lo 
and  II  the  dark  points  in  the  rectangular  aieas  represent  spots 
showing  current  rectification,  the  size  of  the  spot  representing  the 
magnitude  of  the  effect  observed. 

The  results  of  these  tests  show  that  the  low-fesistance,  photo- 
electrically  insensitive  samples  of  molybdenite  are  far  more 
efficient  rectifiers  than  the  high-resistance  light-sensitive  speci- 
mens. One  specimen  which  showed  no  photoelectric  sensitive- 
ness whatever,  as  determined  by  a  sensitive  galvanometer,  pro- 
duced decided  rectification  over  almost  its  entire  surface.  In 
fact,  it  was  difficult  to  find  a  spot  which  produced  no  rectifica- 
tion. On  the  other  hand,  the  samples  of  molybdenite  having  a 
high  resistance  exhibited  the  rectifying  action  only  in  spots, 
which  usually  did  not  coincide  with  the  photoelectrically  sensitive 
spots.  These  radioelectrically  sensitive  spots  were  widely  scat- 
tered over  the  surface,  but  sometimes  comparatively  large  areas 
were  found  which  showed  no  electrical  rectification,  as  indicated 
by  the  telephone.  Only  the  most  sensitive  spots  of  the  high- 
resistance  material  produced  a  rectification  approaching  that  of 
the  specimens  having  a  low  resistance. 

In  two  instances  especially  electrically  sensitive  spots  were 
foimd  upon  the  light-sensitive  areas  (see  Fig.  lo.  No.  VI I),  but 
other  equally  sensitive  spots  occurred  in  the  areas  which  were 
photoelectrically  insensitive.  This  test  alone  would  seem  to  be 
sufficient  to  prove  that  the  two  phenomena  are  not  intimately 
connected. 

The  conclusions  to  be  drawn  are,  therefore,  that  (i)  the  low- 
resistance,  photoelectrically  insensitive  molybdenite  exhibits  much 
greater  rectifying  action  than  the  high-resistance  photoelectri- 
cally sensitive  specimens;  (2)  there  is  no  apparent  relation  between 
the  electrical  rectification  and  the  photoelectric  change  in  con- 
ductivity observed  in  molybdenite. 
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1.  BZUBATION  OF  A  DARK-BLUB  UQUID 

One  of  the  numerous  questions  requiring  further  investigation  is 
the  exudation  of  a  dark-blue  liquid  from  some  samples  of  molybde. 
nite.  At  the  beginning  of  this  investigation  it  was  found  that  some 
samples  became  a  black  amorphous  mass  in  spots  when  electric 
current  was  passed  thiough  them.  The  behavior  of  one  sample 
desejrves  description.  In  making  the  preliminary  sensitivity 
tests  this  sample  was  clamped  between  heavy  brass  electrodes 
and  tested  for  local  sensitivity,  using  an  audion  amplifier  and  tele- 
phone receiver.  It  was  found  that  one  end  of  this  sample,  close 
to  the  electrode,  was  unusually  sensitive,  causing  a  loud  note  to 
be  emitted  by  the  telephone  receiver.  On  examination  a  bubble 
of  liquid  was  found  in  violent  ebullition.  Exposure  of  this  bubble 
to  light  produced  a  change  in  electric  current  and  hence  a  sound 
in  the  telephone  receiver.  Other  samples  were  found  which  be- 
came dark  masses  in  spots  which  did  not  appear  to  be  markedly 
sensitive  photoelectrically. 

The  presence  of  a  dark-blue  liquid  (probably  the  **blue  oxide" 
described  by  Guichard**)  on  a  surface  of  a  molybdenite  detector 
is  mentioned  by  Huizinga  ".  According  to  Guichard  the  blue 
oxide  of  molybdenum  is  a  colloid  which  is  extremely  soluble  in 
water. 

In  view  of  the  foregoing  experiments,  further  tests  were  made 
on  the  production  and  the  photoelectric  sensitivity  of  this  dark 
substance.  In  order  to  produce  this  dark  substance,  the  end  of  a 
thin  platintmi  wire  was  placed  in  contact  with  the  surface  of  a 
sample  of  molybdenite,  and  this  combination  was  joined  in  series 
with  a  dry  battery  of  10  to  75  volts  and  an  audion  amplifier.  It 
was  found  that  a  black  viscous  mass  was  formed  on  the  high- 
resistance,  photoelectrically  sensitive  samples,  but  no  blackening 
of  the  stuiace  occiured  at  the  point  of  contact  of  the  platinum 
wire  with  the  surface  of  samples  of  molybdenite  which  had  a  low 
resistance.  This  black  substance,  which  indicated  an  add  re- 
action when  tested  with  litmus  paper,  was  formed  irrespective  of 
the  direction  of  the  electric  current.  Tested  with  an  iron-constan- 
tan  thermocouple  of  fine  wires,  the  temi)erature  rise  at  the  point 
of  contact  of  the  platinum  wire  with  the  molybdenite  was  the 
higher  for  the  low-resistance  material.  It  would,  therefore,  seem 
that  this  is  not  a  phenomenon  resulting  alone  from  a  high  tempera- 

*  Gcdduttd,  Ann.  Chimie  ct  Phyiiquc  (7).  tS,  p.  519.  igox;  Huizinga,  Proc.  K.  Akad.  Amsterdam,  19, 
!».  5xa,  19x7. 
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ture.  This  blue  substance  becomes  hard  and  brittle  on  breaking 
the  electric  circuit  and  is  easily  removed  by  touching  the  surface 
with  a  bit  of  cotton  moistened  with  water. 

For  the  photoelectric  test  a  spot  of  thin,  dark  substance,  about 
3  mm  in  diameter,  was  formed  surrounding  the  point  of  contact 
of  the  platintun  point  with  the  surface  of  a  sample  of  molybdenite 
of  average  photoelectric  sensitivity.  Light  of  high  intensity  pass- 
ing through  the  rotating  sectored  disk  was  projected  upon  this 
viscous,  bubbling  substance.  Sensitivity  tests  were  made  before 
the  formation  of  this  substance,  also  during  its  formation,  and 
again  after  its  removal.  The  results  showed  that,  if  anything,  the 
presence  of  this  substance  decreased  the  photoelectric  sensitivity 
of  the  sample.  In  other  words,  this  blue  oxide  does  not  appear 
to  be  sensitive  photoelectrically. 

A  further  observation  worth  mentioning  is  that  the  bunsen- 
flame  spectrum  of  molybdenite  shows  more  sodium  in  the  photo- 
electrically sensitive  samples  than  in  the  nonsensitive  material. 
Evidently  this  whole  subject  needs  further  investigation. 

Xn.  THEORETICAL  APPLICATIONS 

It  is  of  interest  to  notice  the  bearing  of  the  foregoing  data  upon 
theories  of  photoelectrical  conduction.  Pfund  **  has  proposed  a 
theory  based  on  electronic  conduction,  the  electrons  being  set  free 
by  the  incident  radiations.  Among  others,  he  has  sought  a  con- 
nection between  optical  absorption  and  photoelectrical  activity. 
He  avoids  the  apparent  inconsistency  of  greatest  photoelectrical 
activity  in  the  region  of  the  spectrum  where  the  absorption  is  the 
least  by  assuming  a  critical  thickness  at  which  change  of  resistance 
sets  in.  In  the  region  of  greatest  absorption  the  rays  do  not  pene- 
trate deeply  and  the  current-carrying  layer  is  less  than  this  critical 
thickness.  In  the  more  transparent  regions  of  the  spectrum  the 
depth  of  penetration  is  greater;  the  current-carrying  layer  be- 
comes greater  than  the  critical  thickness  and  hence  a  greater 
change  in  conductivity  is  possible.  It  is  asstimed  that  the  Ught 
is  effective  in  producing  changes  in  resistance  only  until  the 
amplitude  has  decreased  to  a  certain  minimnm  value,  below  which 
its  effectiveness  is  lost.  This  agrees  with  the  resonance  theory, 
since  no  electrons  are  expelled  from  the  atom  until  the  amplitude 
due  to  resonance  exceeds  a  definite  minimum  value. 

**  Ffiind,  Phys.  Rev.,  88,  p.  324, 1909. 
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On  the  basis  that  the  maximum  of  sensitivity  depends  upon  the 
depth  of  penetration  of  light,  increasing  the  intensity,  and  there- 
fore the  penetration,  should  cause  a  shift  of  the  maximum  toward 
the  shorter  wave  lengths.  Kund's  tests  seemed  to  show  this, 
though  in  a  subsequent  investigation**  he  publishes  a.  series  of 
curves,  which  might  be  interpreted  to  show,  as  found  in  the 
present  investigation,  that  with  increase  in  intensity  the  region 
of  maximum  photoelectrical  activity  shifts  towaid  the  infra-red 
and  the  sharp  bands  increase  most  rapidly  on  the  long  wave- 
length side,  with  increase  in  intensity. 

Another  theory  is  based  upon  evidence  •*  that  there  are 
several  forms  of  material  (selenium)  differing  widely  in  resistivity, 
and  that  the  action  of  radiation  is  to  transform  the  less  conducting 
material  into  one  having  greater  conductivity.  For  selenium. 
Brown  ^  assumes  the  existence  of  thiee  forms,  and  in  subsequent 
investigations  has  formed  a  large  number  of  crystals  by  sublima- 
tion of  the  material  in  an  electrically  heated  oven.*^ 

In  the  present  paper  no.  attempt  is  made  to  harmonize  the 
observations  with  these  theories.  In  this  connection,  however, 
it  is  of  interest  to  note  that  there  are  several  sulphur  compounds 
of  molybdenum,  MOjSg,  M0S4,  MoSs,  and  MoSj,**  which  have  been 
made  artificially.  The  question  naturally  arises  as  to  whether 
these  observed  bands  of  spectral  photoelectrical  sensitivity  are 
connected  with  small  inclusions  of  some  of  these  sulphur  com- 
pounds. The  experimental  data  might  lead  one  to  infer  that  there 
are  several  forms  present,  causing  characteristic  bands  of  photo- 
electric sensitivity.  For  example,  the  bands  of  photoelectric 
sensitivity  at  X  =  i.o2/i  and  i.SSfi  always  occur  together.  Some 
samples  of  molybdenite  show  an  additional  maximum  at  X  =0.75/* 
or  0.85/*,  while  another  sample,  No.  4,  shows  only  a  single  band 
at  X = 0.85/1.  It  is  planned,  therefore,  to  test  the  spectral  photo- 
electrical sensitivity  of  artificial  sulphur-compounds  of  molyb- 
denum. 

The  observation  of  a  series  of  maxima  of  photoelectric  sensitivity 
is  so  novel,  and  the  data  at  hand  are  so  meager,  that  it  is  rather 
hazardous  to  attempt  to  discuss  their  theoretical  bearing.  If  we 
had  plotted  frequencies,  instead  of  wave  lengths,  it  would  be 
evident  that  these  maxima  are  separated  by  equal  intervals.     This 

**  Ffand.  Fhys.  Rev.*  M,  p.  370;  19x3. 

^Marc  Die  Phys.  and  Chem.  Eigenscfa.  Metallsches  Selens,  1909;  Uljanin.  Wied.  Ann.,  S4,  p.  341,  z888. 

"  Brown»  Phys.  Rev.,  82,  pp.  937  and  252;  SS,  p.  z,  191  z. 

■  Brown.  Phys.  Rev.  (9),  4,  p.  85, 19Z4. 

■  Guidiard,  Ann.  Chim.  ct  Physique  (7),  2S,  p.  498.  Z90Z. 
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is   illustrated  in  Fig.  22,  where  the  data  given  in  Pig.  17  are 
plotted,  the  abscissae  being  the  reciprocals  of  the  wave  lengths 


^0^ 


Fio  sa. — Spectral  photoelectric  sensitivity  plotted  against  frequency  instead  of 

wave  length  of  the  radiation  stimulus 

(in  /i  =0.001    mm).    The  ordinates  of  the  curve  for  23**  C  are 
magnified  three  times,  in  order  to  facilitate  comparsion. 

TABLE  5.— Mttdaui  of  Photoelectric  Sensitivity  and  the  Ware  Numbery  n,  or  Com- 
mon Difference  Between  the  Reciprocals  of  these  Wave  Lengths 


No.  1: 

"•^ H^-=« 

o-c jw^^SlS 


No.  2: 

-172*  C. 

No.  3: 

22*  C... 


xIl.20>°;U 


No.    4: 

-178»C... 


lxlf§>»-« 

1x-l(">°-30(') 


As  shown  in  Table  5,  the  difference  in  the  frequency  maxima  or 
wave  number  is  n = 40  for  room  temperatiwe ;  while  at  low  tempera- 
tures it  is  n  =»  25  in  some  cases  and  n  =»  30,  just  as  though  there  were 
several  kinds  of  crystals  present.    The  data  on  samples  No.  2  and 
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No.  4  would  seem  to  indicate,  as  already  noted,  that  the  great 
variation  in  photoelectric  sensitivity  seems  to  be  one  of  d^^ree  of 
sensitivity  and  not  one  of  quality. 

It  is  to  be  noted  that  the  q>ectral  lines  represent  an  emission  of 
thermal  radiation  as  the  result  of  (electrical)  excitation  of  gas  ions 
or  electrons,  whereas  in  the  present  case  thermal  radiations  of 
certain  frequencies  produce  marked  changes  in  the  electrical  con- 
ductivity of  the  substance.  On  the  resonance  theory  one  would  be 
led  to  expect  fundamental  and  harmonic  frequencies  which  are 
capable  of  producing  marked  changes  in  electrical  conductivity. 
On  this  basis  one  would  expect  to  find  additional  harmonic  bands, 
which  for  sample  No.  i  should  occur  at  X»o.56ft  and  X«6.5iu. 
As  a  matter  of  fact  this  sample  is  quite  sensitive  in  the  visible 
spectmm  (see  Fig.  14) ,  but  this  question  was  not  foreseen  and  the 
energy  calibration  was  not  sufficiently  accurate  to  establish  a 
maximum  at  this  wave  length. 

Before  discussing  the  data  more  closely,  it  will  be  desirable  to 
make  a  further  examination  of  these  samples,  using  a  very  much 
larger  dispersion,  which  will  give  greater  purity  of  the  radiation 
stimulus  in  the  region  of  o.6/i  to  i  .2/4.  As  matters  now  stand,  it  is 
not  apparent,  in  some  cases,  why  the  band  at  0.72/i  is  absent  if  it 
is  harmonic  with  the  bands  at  1.02/i  and  1.7814. 

Xm.  SUMMARY 

The  present  paper  gives  data  on  the  change  in  the  electrical  con- 
ductivity of  molybdenite  when  exposed  to  thermal  radiations  of 
wave  lengths  extending  from  wave  length  X —0.36/1  in  the  ultra* 
violet  to  beyond  X  «  9m  in  the  infra-red. 

The  radiations  of  wave  lengths  extending  from  the  ultra-violet  to 
about  3/i  produce  a  change  in  the  electrical  conductivity  of  molyb- 
denite. The  effect  of  temperature,  humidity,  intensity  of  the 
exciting  light,  etc.,  upon  the  photoelectrical  sendtivity  of  molybde- 
nite was  investigated.  Atmospheric  humidity  does  not  appear  to 
affect  the  shape  of  the  spectral  photoelectric  sensitivity  curve. 

The  effect  of  increasing  the  intensity  of  the  exciting  radiations 
appears  to  be  to  produce  a  more  rapid  response  in  the  long  wave 
lengths  than  in  the  short  wave  lengths,  with  a  resultant  shift  of 
the  spectral  photoelectric  sensitivity  curve  toward  the  long  wave 
lengths. 

There  is  no  simple  law  governing  the  variation  in  the  photo- 
electric response  in  molybdenite,  with  variation  in  intensity  of  the 
radiation  stimulus. 
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At  room  temperatures  there  are  maxima  of  sensitivity  in  the 
region  of  X«o.7/i,  o.8s/i,  1.02/i,  and  i.8/t.  Beyond  2.5/*  the  photo- 
electric sensitivity  is  practically  nil. 

Raising  the  temperature  causes  a  rapid  decrease  in  the  spectral 
photoelectric  sensitivity,  especially  in  the  regions  of  1.02/i  to  i.8m. 
At  So*'  C.  the  spectral  photoelectric  sensitivity  has  practically  dis- 
appeared, only  slight  indications  being  observed  for  radiations  of 
wave  lengths  X  =»o.6M'to  o.Sjii. 

The  effect  produced  by  lowering  the  temperature  is  to  greatiy 
increase  the  sensitivity  ciuve  throughout  the  whole  spectrum  from 
the  tdtra-violet  to  2.5/i  in  the  infra-red.  This  increase  in  sensi* 
tivity  is  greatest  in  the  region  of  o.8m  to  0.9^,  so  that  at  the  tem- 
peratiu-e  of  boiling  liquid  air  the  maximum  sensitivity  occurs  at 
about  o.85M»  with  a  new  band  at  1.25/i  to  1.35M.  Samples  of 
molybdenite  which  are  quite  insensitive  at  room  temperatures  be- 
come fairly  sensitive,  photoelectrically ,  at  —  1 78®  C.  At  low  tem- 
peratures the  spectral  photoelectric  sensitivity  curves  of  all  sam- 
ples are  quite  similar,  with  a  maximum  in  the  region  of  o.8m  to 
0.9/t.  From  this  it  would  appear  that  this  photoelectric  property 
is  one  of  degree  rather  than  one  of  quality.  The  fact  that  the 
bands  at  1.02/i  and  i.8m  occiu*  together,  and  that  the  0.85M  band 
may  occur  alone  suggests  the  possibility  that  they  are  character- 
istic bands  of  spectral  photoelectric  sensitivity  of  different  sulphur 
compounds  of  molybdenum. 

Using  frequency  instead  of  wave  lengtii  to  indicate  the  spectral 
position  of  the  radiations  which  cause  the  maximum  change  in 
electrical  conductivity,  it  is  found  that  in  some  instances  there  is  a 
constant  difference  of  the  wave  numbers  analogous  to  the  series 
relations  of  spectral  lines. 

The  time  required  for  recovery  of  equilibrium  in  electrical 
conductivity  is  close  to  twice  the  time  of  exposure. 

Mechanical  working  of  the  material  appears  to  lower  the  photo- 
electric sensitivity. 

There  appears  to  be  no  dose  connection  between  photoelectric 
sensitivity  and  current  rectification  in  molybdenite. 

Measurements  of  reflecting  power  show  that  molybdenite  has  a 
high  reflectivity  in  the  violet,  which  decreases  to  a  uniform  value 
beyond  m.  Similarly,  the  transmission  is  high  and  uniform 
beyond  im  in  the  infra-red.  Using  these  data  refractive  indices 
were  computed,  indicating  a  value  of  n  =  3  for  wave  lengths  greater 
than  i^. 

The  greatest  photoelectrical  activity  occiu-s  in  the  region  of  the 
spectrum,  where  there  is  a  rapid  decrease  in  spectral  absorption. 


APPENDIX 


Appendix  1.— PHOTOELECTRIC  ACTIVITY  INDUCED  IN  UNILLUMINATED 

PARTS  OF  A  CRYSTAL 

It  was  shown  by  Brown  and  Sieg  ^  that  light  falling  upon  one  part  of  a  crystal  of 
selenium  produced  a  change  in  conductivity  throughout  the  crystal.  In  one  sample 
this  effect  was  produced  by  illuminating  the  crystal  at  a  distance  of  8  to  lo  mm  from 
the  point  of  contact  of  the  electrodes.  Subsequent  tests  by  Brown  ^  did  not  disclose 
whether  this  light  action  is  transmitted  as  a  result  of  change  in  crystalline  structture, 
elastic  vibration,  or  merely  by  diffusion. 

This  observation  of  a  change  in  conductivity  in  portions  of  a  crystal  not  directly 
illuminated  has  been  tested  also  on  cuprous  oxide,  by  Pfund.^^  He  foimd  that  if 
cuprous  oxide  shows  this  transmitted  effect  at  all,  it  is  infinitesimal  in  comparison 
with  that  observed  in  selenium. 

It  was  of  interest,  therefore,  to  determine  whether  one  part  of  a  crystal  of  molyb- 
denite undergoes  a  change  in  conductivity  when  another  part  of  this  same  crystal  is 
exposed  to  radiation.  This  test  is  best  performed  by  illuminating  a  portion  of  the 
crystal  which  extends  beyond  the  point  of  contact  of  the  electrodes.  In  one  test  a 
platinum  wire  touching  the  surface  of  the  molybdenite  was  used  for  one  of  the  elec- 
trodes. When  this  platinum  point  was  placed  so  that  the  exciting  light  fell  between 
the  two  electrodes,  the  sample  of  molybdenite  changed  in  conductivity,  as  indicated 
by  the  sound  in  the  radiophone.  On  placing  this  platinum  point  so  that  the  exciting 
light  fell  outside  of  these  two  electrodes  no  sound  was  produced  in  the  radiophone. 
Various  tests  showed  that  illuminating  one  portion  of  a  sensitive  sample  of  molyb- 
denite does  not  induce  a  change  in  conductivity  in  an  unilluminated  (but  equally 
sensitive)  portion  of  this  same  crystal.  In  other  words,  no  change  in  conductivity 
appears  to  be  produced  by  diffusion,  internal  reflection,  etc.,  in  molybdenite. 

Appendix  2.— POLARIZATION  BY  REFLECTION  FROM  MOLYBDENITE 

Pfund  ^  has  shown  that  a  selenium  mirror  provides  an  excellent  means  for  pro- 
ducing polarized  radiations.  In  view  of  the  fact  that  molybdenite  has  a  higher 
reflecting  power  than  selenium,  it  was  of  interest  to  determine  its  polarizing  proper- 
ties. For  this  purpose  two  thin  plates  of  molybdenite  were  mounted  upon  glass 
plates,  as  already  described  in  the  reflectivity  measurements.  The  one  was  used  as 
a  polarizer  and  the  other  as  an  analyzer.  These  two  mirrors  were  placed  in  an  appa- 
ratus which  permitted  rotation  of  the  analyzer.  The  source  of  (tmdispersed)  radiation 
was  a  Nemst  glower.  The  intensities  were  measured  with  a  thermopile  and  gal- 
vanometer. 

The  galvanometer  deflections  were  noted  (i)  when  the  planes  of  the  polarizer  and 
analyzer  were  parallel  and  (a)  when  they  were  crossed.  Usii^  mirrors  of  selenium, 
the  ratio  of  the  galvanometer  deflections  for  these  two  positions  (parallel:  crossed) 
was  of  the  order  of  8oo:i ;  for  maximum  polarization. 

*  Brown  and  Sieg,  Phil.  Mag.  (6).  28,  p.  497;  19x4.  *>  Pfund.  Fhys.  Rev.  (3).  7,  p.  996;  19x6. 

*  Brown,  Phys.  Rev.  (3),  6,  p.  404;  19x5.  ^  Pfund,  Astrophys,  Jr.,  S4,  p.  19;  X906. 
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Using  micfors  of  molybdenite  for  maximum  polarization,  the  ratio  of  the  galva- 
nometer deflections  for  these  two  positions  (parallel:  crossed)  was  only  about  8:i. 
Evidently  molybdenite  is  not  suitable  for  pnxlucing  plane  polarized  light. 

In  view  of  the  high  reflecting  power  of  molybdenite  it  was  of  interest  to  determine 
whether  it  transforms  plane  into  elliptically  polarized  light,  as  is  true  of  a  metal. 
The  test  was  made  with  plane  polarized  radiations  from  a  selenium  minor,  which 
were  reflected  from  the  molybdenite  minor  in  the  manner  described  by  Pfund. 

Preliminary  tests  with  radiations  transmitted  by  red  glass  showed  that,  for  the 
spectral  region  from  i  to  4/1,  calcite  reflects  vitreously  (i.  e.,  does  not  transform  plane 
into  elliptically  polarized  light),  as  previously  observed. 

Similar  tests  on  molybdenite,  M0S2,  showed  that  plane  polarized  radiations  {\=ifi 
to  4ft)  are  elliptically  polarized,  the  ellipticity  (ratio  of  axes)  being  about  3:1.  Simi- 
larly, a  very  flat  cleavage  surface  of  stibnite,  Sb2S3,  produced  an  ellipticity  of  about  12:1. 

These  ratios  are  of  course  not  very  accurate,  but  they  are  connstent  in  that  molybde- 
nite is  more  metallic  (judged  by  its  elliptic  polarization)  than  stibnite;  also  in  having 
a  higher  reflecting  power  and  especially  a  higher  absorption  coeflicient.  An  investi- 
gation of  the  optical  properties  of  substances  like  the  above,  which  lie  on  the  border- 
land between  metals  and  nonmetals,  would  no  doubt  prove  profltable. 

Washington,  December  18,  1918. 
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I.  INTRODUCTION 

The  sulphtir  boiUng  point  occupies  a  position  of  unusual  im- 
portance among  the  thtt-mometric  fixed  points  on  account  of  the 
care  and  accuracy  with  which  its  temperature  has  been  determined, 
the  precision  with  which  this  temperature  may  be  reproduced, 
but  most  of  all  on  account  of  the  very  general  practice  of  using 
it  to  determine  one  of  the  fundamental  calibration  constants  of 
the  platinum  resistance  thermometer,  which  serves  as  the  most 
precise  and  convenient  means  now  available  for  defining  the 
temperature  scale  in  the  range  —50**  to  +500*^  C.  The  best 
meastnements  available  are  insufiicient  to  show  that  the  scale 
so  defined  differs  from  the  thermodynamic  scale  in  any  part  of 
this  range. 

The  results  of  the  best  determinations  of  the  temperature  of  the 
sulphur  boiling  point  on  the  thermod3mamic  scale  are  summarized 
in  Table  i  which,  with  the  exception  of  the  last  entry,  is  abbre- 
viated from  that  given  by  Day  and  Sosman.* 

*  An.  Jour,  of  Science  IV,  US,  p.  530;  Z9za.    Alao  Jour.  Wash.  Acad,  of  Sdcaicc*,  S»  p.  174;  19x2.    Alao  Aim. 
d.FhytikIV,f8,p.S6ss  1919. 
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TABLE  1.— Detenninations  of  the  Tempenture  of  the  Sulphur  Boiling  Point 


JMb 


Author 


dynamic 


1890 
1902 
1908 
1911 
1912 
1914 


Canaadar  and  Oflffiflis. 
Chappula  and  Haiker.. . 


Holbon  and  Hanning. 

Day  and  Soaman 

Bniwaftepouloua* 


•C 

444.91 

444.80 
444.93 
444v51 
444.  S5 
444.61 


•  PiDC.  Roy.  Soc.  London,  A.  90,  p.  189;  19x4. 

From  the  data  of  Table  i  it  appears  that  any  value  which  may 
be  selected  as  representing  the  temperature  of  the  sulphur  boiling 
point  may  be  in  error  by  o.i^  or  even  0.2^,  and  that  fixing  this 
point  to  a  few  httiidredths  of  a  degree,  which  is  the  precision 
attainable  with  a  resistance  thermometer,  is  at  present  a  matter 
of  definition.  On  the  grounds  that  greater  weight  should  be 
given  to  the  newer  determinations,  but  that  the  value  is  not 
known  better  than  o.i*^,  there  is  a  choice  as  to  whether  444.5^  or 
444.6^  shall  be  selected.  As  none  of  the  values  is  as  low  as  444.5^ 
and  all  the  older  values  are  decidedly  above  this,  the  Bureau  has 
adopted  the  value  444.6^.  For  the  purpose  of  defining  the  scale 
of  the  platinum  resistance  thermometer,  the  temperature  of  the 
sulphur  boiUng  point  under  standard  atmospheric  pressure  is 
taken  by  definition  as  444.60^. 

An  analogous  procedure  has  been  found  useful  in  defining  the 
electric  units  for  practical  use.  Thus  the  ohm  for  practical  use 
is  defined  as  the  resistance  of  a  column  of  mercury  the  length  of 
which  is  specified  to  an  accuracy  of  i  part  in  100  000,  while  it  is 
known  that  the  ohm  so  defined  may  differ  from  the  cgs  unit  by 
perhaps  i  part  in  3000. 

Having  decided  upon  the  value  to  be  used  for  the  temperature 
of  the  sulphur  boiling  point,  it  is  necessary  to  define  the  experi- 
mental conditions  so  as  to  make  the  temperature  reproducible 
with  the  highest  attainable  precision  in  order  that  the  temperature 
scale  defined  by  the  platinum  resistance  thermometer  may  also 
be  as  definite  and  reproducible  as  possible. 

The  effect  of  the  experimental  conditions,  particularly  as  re* 
gards  shielding  of  the  thermometer,  had  been  investigated  by 
Callendar  and  GriflBths,*  Waidner  and  G.  K.  Burgess,*  and  by 

*  Phil.  Tnns.,  A,  18S.  p.  143;  1891. 

*  Bull.  Buztau  of  Standards,  6,  p.  189;  19x0  (B.  S.  Scientific  Paper  No.  X34). 
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others.    More  recently  Meissner^  reported  further  experiments 

which  showed  that  the  temperature  assumed  by  a  resistance  ther- 
mometer in  the  sulphur  vapor  depended  upon  the  reflecting  power 
of  the  interior  of  the  shield.  His  work  raised  some  doubt  as  to 
the  adequacy  of  the  older  work,  but  was  incomplete  in  some 
respects.  It  did  not  indicate,  for  example,  to  what  extent  the 
effectiveness  of  a  given  shield  depended  upon  the  nature  of  the 
material  used  for  the  protecting  tube  of  the  thermometer.  Waid- 
ner  and  Burgess  had  also  investigated  the  temperatures  in  various 
t3rpes  of  boiling  apparatus.  Apparently  there  has  been  no  in- 
vestigation of  the  effect  of  impurities  in  the  sulphur  upon  the 
observed  boiHng  point.  The  variation  of  temperature  with  pres- 
sure has  been  experimentally  investigated  by  Holbom  and  Hen- 
mng/  and  by  Harker  and  Sexton.* 

As  the  result  of  these  investigations  the  method  of  using  the 
sulphur  boiHng  point  has,  to  a  certain  extent,  become  standardized. 
It  has  become  the  common  practice  to  use  a  boiling  tube  of  glass 
or  like  material  about  5  cm  in  diameter.  Also  ft  is  generally  * 
recognized  that  the  source  and  maimer  of  heating  should  be  so 
controlled  as  not  to  superheat  the  vapor,  and  that  the  thermometer 
must  be  suitably  protected  from  the  effect  of  loss  of  heat  by  radia- 
tion or  otherwise,  as  without  such  protection  the  observed  value 
may  be  a  degree  or  more  in  error. 

The  manner  of  observing  these  avowedly  necessary  precautions 
has  differed  considerably  with  different  experimenters,  apparently 
depending  upon  convenience  or  personal  preferences.  None  but 
glass  or  similar  boiling  tubes  have  been  used  since  Regnault's 
time.  Both  gas  and  electricity  have  been  used  for  heating,  and 
of  either  type  of  apparatus  there  have  been  ntunerous  designs. 
The  greatest  variation  has,  however,  occurred  in  the  type  of  radia- 
tion shield  employed  on  the  thermometer,  whether  gas,  mercurial, 
or  electrical  thermometers  were  used.  These  shields  have  been 
of  many  shapes  and  sizes,  and  have  been  constructed  of  glass  and 
platinum,  iron,  asbestos,  and  aluminum.  The  tubes  incasing  the 
platinum  thermometers  have  been  either  glass,  quartz,  or  por- 
celain. 

It  is  the  ptupose  of  this  paper  to  present  further  evidence  on 
the  effect  of  these  experimental  conditions  with  the  object  of  mak- 
ing this  evidence  sufGiciently  complete  to  serve  as  a  basis  for 

« Amiakn  d  Pfaysik  IV.  t9,  p.  1930:  1913. 

*  Annakn  d  Phsyik  IV,  M,  p.  859, 1908;  IV,  K,  p.  77a,  Z9zz. 

*  Report  British  Association,  p.  691,  1908. 
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standard  specifications  for  the  nae  of  the  sulphur  boiling  point 
as  a  calibration  temperature.  The  work  was  therefore  planned 
so  as  to  supplement  and  complete,  in  so  far  as  possible,  the  work 
of  previous  investigators. 

n.  APPARATUS  USED 

The  greater  part  of  the  work  was  done  with  a  gas-heated  ap- 
paratus shown  in  Pig.  i.  This  apparatus  is  a  development  of  the 
gas-heated  apparatus  which  has  been  used  regularly  at  the  Bureau 
for  some  years.^  The  improvements  are  mainly  in  certain  details 
which  give  greater  ease  and  convenience  in  manipulation.  The 
new  apparatus  was  made  to  accommodate  two  lengths  of  boiling 
tubes  of  about  45  cm  and  70  cm,  respectively,  both  of  which  were 
tised,  and  the  insulating  jacket  was  made  in  two  sections  to  suit 
the  two  lengths.  The  source  of  heat  was  a  Mdker  blast  burner, 
the  flame  of  which  pla3^d  against  a  heavy  ribbed  iron  oasting 
containing  a  well  about  7  cm  deep  in  which  the  lower  end  of  the 
*  boiling  tube  rested.  The  liquid  sulphur  surface  was  kept  about 
5  cm  above  the  top  of  this  casting  to  prevent  superheating  of  the 
vapor.  The  thermometer  was  held  in  a  specially  designed  clamp 
which  could  be  opened  or  closed  quickly  by  one  motion  and  which 
when  once  set  in  position  held  the  thermometer  always  in  align- 
ment  and  concentric  with  the  boiling  tube.  This  clamp  was 
carried  on  a  rack  and  pinion  carriage  which  moved  up  and  down 
on  the  main  vertical  supporting  rod  of  the  apparatus,  which  was 
equipped  with  a  scale  for  reading  directly  the  position  of  the 
thermometer  coil  inside  the  boiling  tube.  The  heat  insulation 
was  very  efficient  and  the  sulphur  could  be  brought  to  boiling 
sufficiently  for  an  observation  in  less  than  an  hour  after  starting. 

Both  glass  and  fused  quartz  tubes  were  used,  the  latter  pro- 
vided with  a  narrow  fused-in  window  of  transparent  quartz  near 
the  top  through  which  the  line  of  condensation  could  be  observed. 
Ample  opening  was  left  in  the  cover  of  the  boiling  tube  for  equal- 
ization of  pressure  inside  and  outside  the  tube. 

The  apparatus  is  so  arranged  that  the  ribbed  casting  and  the 
burner  can  be  removed  and  an  electric  heater  substituted.  This 
heater  consists  of  a  porcelain  tube,  1 5  cm  long,  having  an  inside 
diameter  5  to  10  mm  larger  than  that  of  the  boiling  tubes  used. 
The  heating  coil  is  of  nichrome  tape  wound  on  the  porcelain.    The 

'  Waidner  and  Buxscss,  loc.  dt..  p.  187. 
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top  of  this  porcelain  tube  occupies  the  same  position  as  the  top  of 
the  ribbed  casting,  and  the  heating  coil  covers  the  upper  8  cm  of 
it.  The  boiling  tube  extends  into  this  tube  about  7  cm,  resting 
on  a  cushion  of  soft  asbestos. 

A  heater  of  this  type  had  been  improvised  for  some  special 
experiments  and  proved  so  satisfactory  that  the  heater  described 
above  was  built  and  has  superseded  the  gas  heater. 

The  resistance  thermometers  used  were  made  in  the  usual  form 
with  cylindrical  coils  and  were  inclosed  in  glass  or  porcelain  tubes. 
Some  of  the  thermometers  were  provided  with  interchangeable 
glass  and  porcelain  tubes.  The  coils  were  of  the  strain-free  type  * 
and  the  leads  were  so  fastened  tb  the  supporting  mica  strips  that 
any  strain  on  the  leads  could  not  be  communicated  to  the  coil. 
The  connections  were  of  the  potential  terminal  type.  Resistances 
were  meastued  with  a  mercury  contact  Wheatstone  bridge 
together  with  a  commutator  according  to  the  method  previously 
described.^ 

The  constants  of  the  thermometers  as  determined  at  various 
times  are  given  in  Table  2  where  Ro  is  the  resistance  in  melting  ice, 
and  F  the  increase  in  resistance  on  heating  from  o^  to  100^  C. 
The  measuring  currents  used  in  thermometers  C^,  C„,  and  C^  were 
4  milliamperes  and  the  current  used  in  C„  was  2  milUamperes. 

The  heating  effect  of  the  meastuing  current  used  for  C,,,  C27,  and 
Cm  was  about  0^.003,  and  for  C,,  was  about  0^.002  in  both  ice  and 
steam.  It  is  known  from  the  work  of  Waidner  and  Burgess  and  of 
Smith  ^^  that  for  thermometers  of  this  t3rpe  the  heating  effect  of 
the  measuring  current,  maintained  constant,  is  of  the  same  order 
of  magnitude  at  450^  as  at  o^  and  at  100^. 

The  coils  of  C^,  C,,,  and  C^  are  about  4.5  cm  long  and  the  pro- 
tecting tubes  are  5  mm  internal  and  7  mm  external  diameter. 
The  coil  of  C,,  is  about  8  cm  long  and  the  protecting  tube  is  8  mm 
internal  and  10  mm  external  diameter. 

A  Fuess  siphon-type  barometer,  which  could  be  read  to  an 
accuracy  of  0.02  to  0.04  mm,  was  used  for  the  measurements  of 
atmospheric  pressure.  All  pressures  were  expressed  in  the  equiv- 
alent millimeters  of  merciuy  at  o^  and  tmder  standard  gravity 
(5^*980.665). 

*  Waidner  •nd  Burgeas,  loc.  dt.,  p.  1x5. 

*  MttcUer,  this  Bulletin,  IS,  p.  547;  '9x6  (B.  S.  Scientific  Paper  No.  988). 
M  p.  H.  Smith,  Phil  Mag.,  VI,  84,  p.  545:  X9xa. 
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TABLE  2.— Resistances  at  0  ""C  {IQ  and  Fundamental  Interrals  (F)  of  Thennometers 

Used 


Date 

Cn 

C-T 

C« 

Ci. 

Ro 

F 

Ro 

F 

R 

F 

Ro 

F 

July  19, 1915.. 

Ohms 

Ohm 

Ohms 

Ohm 

Ohms 

2.53727 

Ohm 

a9936« 

Ohms 

Ohms 

Oct  23, 1915.. 

2.53788 
2.53785 

a9924t 

2.54871 

a9983i 

Hot.  2, 1915. . 

H«v.  4, 1915. . 

2.54867 
2.54869 
2.54871 
2.54869 
2.54870 

2.58725 

ir«V.  12, 1915. 

"Km.  23>  1915. 

, 

Jn.4,1916... 

« 

Jan.  24, 1916.. 

2.53785 

.9924« 

.9983fl 

2.53725 

.99361 

fBb.2iLl916.. 

215472 

9.9871 

liar.  9, 1916.. 

2.S4870 

2.53726 

Mar.  28, 1916. 

• 

25.5476 
25.5476 

fi.Q87a 

Apr.  5, 1916... 

9L987t 

Mar  11, 1916.. 

2.54870 

lCafl2,1916.. 

2.53724 

Mar  19, 1916.. 

0215461 

Mar  26k  1916.. 

2.54869 
2.54868 

Jna  20^  1916. 

June  23, 1916. 

0215499 

•The  oompantivdy  huie  dwofes  noted  in  this  thermometer  were  not  mtirfartorily  explained.    Por- 
ttmatdy,  they  were  without  effect  on  any  of  the  resolts  obtained  with  it  in  this  investigation. 

m.  DESCRIPTION  OF  EXPERIMENTS 
1.  COMPARISON  OF  RADIATION  SHIELDS 

Some  of  the  shields  used  are  illustrated  in  Fig.  2.  The  openings 
at  the  tops  of  the  shields  were  made  to  fit  the  thermometer  tubes 
closely.  All  the  shields  were  made  so  that  any  openings  in  the 
shields  were  at  least  2  cm  above  or  below  the  coils  of  the  ther- 
mometers. 

For  the  comparative  tests  a  thermometer,  inclosed  in  its  shield, 
was  inserted  into  the  sulphur  vapor,  and  the  resistance  and  corre- 
sponding barometric  pressure  were  observed  for  four  different 
depths  of  immersion  of  the  thermometer,  with  its  attached  shield, 
these  positions  being  such  that  the  bottom  of  the  shield  was  6,  8, 
10,  and  1 2  cm,  respectively,  above  the  surface  of  the  liquid  sulphur. 
Time  was  allowed  for  the  establishment  of  equilibrium  before  each 
reading.  In  most  of  the  experiments  the  changes  of  temperature 
observed  accompanying  the  above  displacements  were,  after 
changes  in  barometric  pressure  had  been  allowed  for,  within  the 
limits  of  observational  error  (less  than  0.02°),  and  this  constancy 
was  a  valuable  indication  of  suitable  experimental  conditions. 
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Where  such  constancy  was  not  observed  the  fact  is  noted  in  the 
tables.  In  all  cases  the  result  given  in  the  tables  is  the  one 
obtained  from  the  readings  at  the  8  cm  height. 

The  temperature  of  the  vapor  was  deduced  from  the  barometric 
pressure  by  use  of  the  formula, 

(  —  444.°6  +  o.o9io  (/>— 760)— 0.000049  f^'— 760)* 

which  is  based  on  data  given  later  in  this  paper. 

The  comparison  of  the  temperatures  as  observed  with  the  resist- 
ance thermometer  is  made  most  conveniently  by  computing  for 


^X 


Fig.  2. — Typa  oj  radiation  thUld* 

each  observation  the  platinum  temperature,  designated  ptj^,  cor- 
responding to  standard  barometric  pressure. 
By  differentiating  the  Callendar  formula 


■^'=<ll5-)^'*"'*'=(^>' 


is  foimd,  which  for  values  of  fi- 1,495   a^^  '~444^  becomes 

A^;-o.88zAt 

This  equation  is  ^plicable  for  the  entire  range  of  barometric 
pressures  and  for  all  the  values  of  &  occinring  in  this  series  of 
experiments. 
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The  comparative  data  for  various  shields,  all  obtained  in  the 
gas-heated  boiling  apparatus,  are  assembled  in  Table  3,  classified 
according  to  kind  of  shield  used.  The  table  shows  the  date  of  the 
observation,  the  number  of  the  thermometer,  the  material  of  the 
thermometer  protecting  tube,  the  t}^  of  shield  used,  the  platinum 
temperature  corresponding  to  standard  barometric  pressure  as 
calculated  from  each  observation,  and  the  amotmt  by  which  this 
is  lower  than  the  average  platinum  temperatm^e  found  with  all  the 
shields  which  were  adequate. 

The  experimental  work  was  planned  and  carried  out  so  that  all 
results  could  be  referred  to  a  standard  type  of  shield — that  is,  dur- 
ing each  day's  observations  an  iron  cone  or  an  iron  cylinder  with 
umbrella  was  used  at  least  once — and  it  would  have  been  possible 
to  present  the  data  in  this  comparative  form.  On  assembling  the 
restdts  it  appeared  that  it  would  be  simpler  to  give  the  results  in 
the  form  shown  in  Table  3  with  the  f xirther  advantage  of  elimi- 
nating accidental  errors  in  the  individual  observations  made  with 
the  standard  shields. 

Fortimately,  the  facts  brought  out  in  Table  3  can  be  very 
briefly  summarized.  It  will  be  noted  that  all  the  iron  shields, 
either  with  or  without  the  lower  disk,  gave  practically  the  same 
value  of  pt,^  for  any  one  thermometer,  and  the  mean  of  all  the 
values  obtained  with  these  shields  may  be  considered  the 
standard  value.  Since  it  is  evident  that  no  shield  can  cause  the 
thermometer  to  assume  a  temperature  higher  than  that  of  the 
vapor,  it  follows  that  low  values  of  pt^^  indicate  inadequate 
shielding.  All  of  the  data  substantiate  Mdssner's  view  that  a 
shield,  the  inner  surface  of  which  is  a  good  reflector,  will  be  inef- 
fective. This  is  now  shown  to  be  true  whether  the  thermometer  is 
inclosed  in  glass  or  in  porcelain.  Thus  the  iron  shields,  the  Cal- 
lendar  Griffiths  shield,  graphite  cylinder,  asbestos  cone,  an 
aluminum  shield,  blackened  inside,  are  all  effective.  Even  an 
aluminum  cylinder,  with  the  walls  sharply  corrugated,  forming  a 
series  of  wedges,  and  which  is  therefore  a  good  radiator,  was  as 
effective  as  the  other  shields. 

A  complete  altunintun  shield  was  nearly  realized  in  a  cylindrical 
shield  with  overhanging  umbrella  and  the  lower  edge  of  the 
cylinder  extending  below  the  lower  disk  and  curving  inward,  so 
that  all  direct  radiation  from  the  platinum  coil  in  any  direction 
met  the  shield,  while  a  free  circulation  of  vapor  was  possible. 
With  this  shield  the  thermometer  read  0.02®  or  0.03®  lower  than 
when  inclosed  in  the  adequate  shields  previously  mentioned. 
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Date 


Nov. 
Hot. 

N«T. 

Nov. 

Jan. 

near. 

Ayr. 

May 

Nov. 


2,1915 
8,1915 
9,1915 

23,1915 
4,1916 
9.1916 

24,1916 
1,  1916 
9,1915 


Nov.   10,1915 

Nov.   12,1915 

Do 

May  26,1916 
JUM  20^  1916 
5,1916 


Nov.   12,1915 

Nov.   16,1915 

Jan.     5. 1916 

Nov.  4, 1915 
Nov.  5. 1915 
May  20, 1916 

.    9,1916 


Do 

May  12,1916 


May  20,1916 
May  12,1916 


Do. 


May  20^1916 


bor 


1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 
13 
14 
15 


16 

17 

18 

19 
20 
21 

22 

23 

24 


25 
26 


37 


28 


tor 

Bum- 

bor 


Cm 
Cff 
Csr 
Csi 

Cfl7 
CS7 

Ctf 
Cfli 
Csi 

Cn 

Cn 
Ctr 
Cn 
Cn 
Cn 


Cv 

Csr 

Csf 

Css 
Css 
Css 

Csi 

Css 
Css 


Css 
Css 


Css 


Css 


Tabo 
isclootaiK 


tor 


pDrcolaiii 

...do 

Olaaa.... 

...do...... 

...do 


Doocrl] 


icrlptlon  of 
•Uold 


Porcolaln 

...do 

...do 

Glass 


Cono 

Umbrella  and  oono. 
do 


.do. 


..do 

..do 

Poxcelaln 

..do 

Glass 


.do. 
.do. 


.do. 

.do. 
.do. 
.do. 

.do. 


.do. 
.do. 


.do. 
.do. 


.do. 


.do. 


..do. 
..do. 
..do. 
..do. 


.do. 


UmbtoUa,  oono,  and 
disk. 

UmbroDa  and  ^Un- 
der. 

do 


.do. 
.do. 


.do. 


UmbfoUa  and  amall' 
orcyUndof,  23Bim 
dlamotoz. 

Umbrella,  cyUndor, 
and  disk. 

do 


Umbrella  and  doablo 
cylinder. 

Cono 

UmbroOa  and  oono. . 

Umbrolla  and  doublo 
cylindor. 

UtaibreUa  and  cylin- 
dor. 


Umbrella  and  snail 
cylindor,  23niw 
diamoter. 

do 


ondcylin- 


UmbreUa  and  cylin- 
dor, 3QmiB 
olor. 

Umbrella 
dor,  3amm 
olor. 

Utaibraliaan^ 
dor,  32Bim 
tor. 


cyUn- 
dJam- 


Ptm 


421.65 
421.72 
421.73 
42L70 
421.69 
421.72 
421.73 
421. 73 
421.69 

421.72 

421.72 

421. 75 
421.73 
421.73 
421. 71 


421.73 

421.69 

421. 74 

421. 67 
421.68 
421.68 

421.66 

421.67 
421.65 


421.66 
421.66 


421.68 


421.68 


Lower- 
ing ol 

P<TiS 


aoo 

.00 
-.01 
+.02 
+.03 

.00 
+.01 
+.01 
+.03 

.00 

.00 
-.03 
-.01 
-.01 
+.01 


-.01 

+.03 

-.02 

.00 
-.01 
-.01 

+.01 

.00 

+.02 


+.01 
+.01 


-.01 


-.01 


Avenge  for  Css,  421.65 


Readittf  tuutoady. 


Do 


Areraco  tor  Csr,  421.72 


421.67 
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(b)  MODIFZBD  ALITMIirUM  SHDELDS 


[va,  xs 


X>ato 


Zrov.  9, 1915 
Zrov.  10^1915 


D© 

Do 

Not.  23,1915 
Jan.  4, 1916 
Nov.   16,1915 

Do 


Obtor- 

vatloii 
num- 
ber 


29 
30 


31 


32 
33 
34 
35 

36 


Tlior- 


tor 
ber 


Cir 


Cif 


Cft 


Tubo 

inckwlnc 

tbonnono- 

tor 


OlaM. 
...do.. 


...do. 


.do. 


.do. 


.do. 
.do. 


...do. 


DoicrtpUan 
«UMd 


Dooblo  oono  and  dUk 
Umbrella  and  cjrlln- 
tndor,  blackened 


Ulmbfella  and  cylin- 
der, blackened  in- 
aide,  and  diak. 

do 


.do. 


.do. 


XTimbreUa  and  oorro- 
lated  cylinder. 

Umbrella,  comigated 
cfllnder,  and  disk. 


Pirn 


421. 70 
421. 72 


421. 72 


421.72 
421.73 
421.70 
421.71 

421.72 


Lower- 
ing of 

Ptm 


Remarka 


+.02 
.00 


.00 


.00 

-.01 
+.02 
+.01 

.00 


(c)  BfOSCBIXANBOUS  SHIBU>S 


Nov.  10,1915 

37 

Cv 

Glaaa 

Onphiie   mnbrella 
and  cjiinder. 

421. 73 

-.01 

Nov.   16,1915 

38 

Cr 

. . .do. • . . . . 

Aabeatoa  cone 

421.71 

+.01 

Do 

39 

CflT 

. . .do. .. . .. 

Asbeatoa  cone  and 

421.71 

+.01 

dIak. 

Jan.     3, 1916 

40 

Cn 

...do 

CaUendarOrlfBttia.. 

421. 73 

-.01 

(d)  BRIGHT  ALUMINTTM  SHIELDS  (INADBQUATB  SHIBLDINO) 


Nov.     2, 1915 

• 

41 

Cm 

Nov.     6, 1915 

42 

c« 

Nov.     8, 1915 

43 

CtT 

Jan.     4, 1916 

44 

Cff 

Nov.     8, 1915 

45 

Ctr 

Jan.     5, 1916 

46 

C«T 

Nov.  23,1915 

47 

Ctt 

Jan*     4»  1916 

48 

Cv 

Nov.  83,1915 

49 

Cv 

Jan.     4» 1916 

50 

Cv 

Nov.    4, 1915 

51 

Cm 

Nov.    5.1915 

52 

Cm 

Do 

53 

Cm 

Poreelaln. 
,..do. . . ... 

.  .  ado ..... 

Olaaa 


Poroelaln. 

. . .do... .. 
Glaaa.... 


.do. 


.do. 
.do. 
.do. 
.do. 
.do. 


Umbrella*  oono,  and 


Cone  and  diak 

Umbrelk  and  cylin- 
der. 

Umbrella,  cylinder, 
and  diak. 

do 


do 

Complete  ahield . 


.do., 


Umbrella  and  cone. . 
Umbrella,  eane,  and 
diak. 


421.58 

+.07 

421.70 

+.02 

42L68 

+.04 

42L51 

+.21 

421.66 

+.06 

421.60 

+.12 

421.62 

+.10 

421.60 

+.12 

42L  70 

+.02 

421.69 

+.03 

421.48 

+.19 

42L49 

+.18 

421.60 

+.07 

Old,  dun  ahield. 


New  bright 
Unateady. 


The  data  for  the  other  aluminum  shields,  with  bright  inside 
surfaces,  show  that  the  temperature  attained  by  a  thermometer 
inclosed  in  such  a  shield  depends  upon  the  form  of  the  shield, 
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primarily  upon  the  extent  to  which  the  shield  lonns  a  complete 
inclosure,  upon  the  extent  to  which  the  interior  of  the  shield  has 
become  dull  or  blackened,  and  also  upon  the  material  (trans- 
parency) of  the  protecting  tube  of  the  thermometer.  The  readings 
obtained  range  from  0.2^  low,  taken  with  a  simple  cone  on  a  glass- 
inclosed  theremometer,  to  0.02**  low,  taken  with  a  nearly  closed 
shield  on  a  porcelain-inclosed  thermometer.  The  extreme  lower- 
ings  fotmd  were  0.2^  for  a  glass-inclosed  thermometer  and  o.i^ 
for  a  porcelain-inclosed  thermometer. 

Inadequate  shielding  is  also  usually  accompanied  by  consider- 
able variations  in  temperature,  sometimes  amounting  to  o.i^, 
when  the  thermometer  is  displaced  vertically,  but  the  absence  of 
such  variation  is  not  necessarily  proof  of  adequate  shielding.  It 
may  also  be  remarked  in  passing  that  the  absence  of  such  varia- 
tions does  not  prove  that  there  is  no  superheating  of  the  vapor,  as 
in  one  instance  constant  temperatures  were  observed  with  a  dis- 
placement of  4  cm  where,  owing  to  insufiBcient  depth  of  liquid 
sulphur  in  the  tube,  the  vapor  was  superheated  about  0.5^. 

These  results  are  in  the  main  in  agreement  with  those  of  Meiss- 
ner,  in  so  far  as  they  cover  the  same  field.  They  differ  from  his 
in  regard  to  the  effectiveness  of  nearly  closed  aluminum  shields, 
which,  according  to  our  results,  are  more  effective  than  Meissner 
found  them  to  be.  However,  there  is  agreement  on  the  essential 
point  that  no  bright  aluminum  shield  is  completely  effective. 

Tight-FiUing  Umbrella  not  Necessary. — In  most  of  the  shields 
used,  the  hole  in  the  center  of  the  umbrella  was  made  to  fit  the 
thermometer  tube  rathier  closely.  Some  observers  have  recom- 
mended using  asbestos  string  tied  around  the  thermometer  tube 
just  above  the  umbrella.  This  was  also  tried  and  found  to  be 
imnecessary  and  on  account  of  its  inconvenience  is  regarded  as 
undesirable.  Even  entirely  omitting  the  tunbrella  and  using  only 
a  cylindrical  iron  shield  open  at  both  ends  around  the  coU  pro- 
duced a  lowering  of  only  about  0.05^. 

Diameter  of  Cylindrical  Shields. — ^Two  thermometers,  Cu  and 
Cn,  were  used,  both  inclosed  in  glass  tubes  having  diameters  of 
7  and  10  mm,  respectively,  with  shields  varying  in  diameter  from 
1.5  cm  greater  than  the  diameter  of  the  thermometer  tube  to  the 
largest  that  the  boiling  tube  wotdd  conveniently  admit.  Two 
series  of  observations  with  C^s  on  different  days  point  to  a  slightly 
higher  reading  with  increasing  diameter,  while  observations  with 
Cm  point  to  an  opposite  tendency.    The  observed  effect  is,  how- 
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ever,  too  small  to  be  of  significance,  if  the  diameter  of  the  shield  is 
not  more  than  about  2.5  cm  greater  than  that  of  the  thermometer 
tube,  and  the  thermometer  is  reasonably  concentric  with  the 
shield.  The  fact  that  good  results  are  obtained  with  conical 
shields  also  indicates  that  the  diameter  is  of  minor  importance. 
It  appears,  therefore,  that  shields  from  1.5  to  2.5  cni  greater  in 
diameter  than  the  diameter  of  the  thermometer  tube  are  preferable. 

Effect  of  Lower  Disk. — ^An  effect  which  Meissner  attributed  to 
the  presence  of  the  lower  disk,  namely,  a  variable  reading  during 
which  the  resistance  varies  slowly  up  and  down  with  apparently 
various  stationary  values  was  noted  and  investigated.  It  is  true 
that  this  effect  was  noticed  most  often  when  the  lower  disk  was 
present.  In  order  to  determine,  if  possible,  whether  there  existed 
a  critical  distance  for  the  disk  from  the  shield  edge  to  give  maxi- 
mtun  unsteadiness,  an  iron  shield  was  equipped  with  a  movable 
disk,  the  position  of  which  could  be  controlled  from  outside  the 
boiling  tube.  On  one  day  this,  shield  gave  perfectly  steady 
readings  for  all  apertures  possible;  that  is,  from  2  mm  distance 
to  1 1  mm  between  the  disk  and  the  edge  of  the  shield.  A  few 
da)rs  later  the  use  of  this  same  shield  at  an  aperture  of  5  mm  was 
accompanied  by  fluctuations  amounting  to  o.oi^.  In  any  case, 
only  tmder  extreme  conditions,  such  as  raising  the  thermometer 
until  the  top  of  the  shield  reached  the  line  of  condensation,  were 
fluctuations  of  0.05®  noted.  When  the  sulphur  was  boiling 
vigorously  with  a  high  and  sharp  condensation  line,  shields  with 
lower  disks  gave  as  steady  readings  as  when  the  disks  were  absent. 
Also  continued  boiling  sometimes  caused  waverings  to  disappear 
and  the  readings  to  become  steady,  as  noted  by  Meissner. 

It  might  be  supposed  that  fluctuations  amoimting  to  o.oi®  or 
0.02®  are  of  no  serious  consequence,  and  that  the  reliability  of 
the  results  is  limited  only  by  the  accuracy  with  which  the  resist- 
ance can  be  determined.  Several  observations,  however,  sub- 
stantiate the  conclusion  that  the  reading  when  unsteady  to  the 
extent  of  o.oi®  only  is  probably  considerably  too  low,  as  shown 
by  comparing  the  steady  readings  numbered  3  and  16  in  Table  3 
with  unsteady  readings  numbered  9  and  1 7  which  were  obtained, 
respectively,  with  the  same  shields.  The  lower  disk  was  aban- 
doned on  iron  shields  since  there  is  a  tendency  for  unsteady,  and 
hence  uncertain,  readings. 

Effect  of  Omitting  Shield. — ^A  thermometer  protected  only  by 
an  umbrella  above  the  coil,  assumed  temperatures  from  0.5°  to  3^ 
below  the  temperature  assumed  by  a  shielded  thermometer,  the 
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lowering  depending  upon  the  height  of  the  coil  above  the  liquid 
sulphur.  The  results  of  sunilar  experiments  previously  reported 
indicate  that  the  thermometer  under  such  drcumstances  reads 
low  by  a  fairly  definite  amount,  although  it  xnight  be  expected 
that  the  temperature  assumed  by  the  thermometer  would  depend 
upon  a  large  number  of  factors,  such  as  depth  of  immersion  in  the 
vapor,  temperature  to  which  the  insulation  of  the  bath  has  become 
heated,  etc. 

Temperaiure  of  Shield. — Apart  from  the  effect  of  the  shield 
upon  the  temperature  assumed  by  the  thermoxneter,  it  is  of  some 
interest  to  determine  the  temperature  of  the  shield  itself.  If  the 
thermometer  be  inclosed  in  a  long,  close-fitting,  closed-end  metal 
tube,  the  thermometer  coil  should  assume  the  temperature  of  the 
tube»  and  the  tube  although  differing  in  form  perhaps  asstmies  a 
temperature  not  differing  much  from  the  temperatm^  asstmied  by 
a  shield.  In  this  way  an  iron  tube  with  umbrella  above  was 
found  to  have  a  temperature  about  0.15^  lower  than  that  asstuned 
by  an  adequately  shielded  thermometer,  while  an  aluminum  tube 
assumed  a  temperature  only  about  o.oi^  lower.  Without  the 
umbrella  the  iron  tube  had  a  temperature  about  0.3^  lower  and 
the  alumiaiun  shield  a  temperature  about  0.04^  lower  than  that 
assumed  by  a  shielded  thermometer. 

The  higher  temperature  assumed  by  the  externally  polished 
aluminum  shield  might  have  been  predicted  from  theoretical 
considerations,  since  the  aluminum  is  a  poor  radiator.  It  would 
appear  that  the  best  single  shield  would  have  a  polished  exterior 
and  blackened  interior,  but  we  have  not  recommended  the  adop- 
tion of  such  a  shield  to  the  exclusion  of  other  forms  because  of  the 
difficulty  of  preparing  such  shields,  and  because  observation  of 
the  temperature  of  the  thermometer  inclosed  in  such  a  shield 
shows  that  the  advantage  is  piurely  a  theoretical  one. 

Preferred  Type  of  Shield. — ^From  the  result  of  the  experimental 
work  described  we  have  come  to  the  conclusion  that,  in  general, 
the  best  type  of  shield  is  a  simple  sheet-iron  cylinder  from  1.5  to 
2.5  cm  larger  in  diameter  than  the  thermometer  tube  and  4  cm 
or  more  longer  than  the  coil,  open  below  and  with  an  umbrella 
above.  This  umbrella  shotild  fit  the  thermometer  tube  closely 
and  extend  beyond  the  edge  of  the  cylinder,  leaving  a  space  5  mm 
to  I  cm  high  between  umbrella  and  cylinder  for  circulation  of  the 
vapor.  For  the  material  of  the  shield  sheet  iron  is  preferred  in 
general.  The  main  objection  to  the  iron  shield  seems  to  be  that 
the  sulphur  attacks  the  iron  and  forms  considerable  scale,  as  a 
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result  of  which  the  iron  is  consumed  and  the  bath  discolored, 
although  without  affecting  the  temperature  of  the  boiling  point. 
Practically  all  the  loose  scale  is  formed  when  the  shield  is  with- 
drawn from  the  bath,  however,  when  the  sulphur  takes  fire  spon- 
taneously, so  that  only  a  small  amotmt  of  scale  need  be  left  in  the 
boiling  tube  if  care  is  taken.  The  life  of  the  iron  shield  is  longer 
than  might  be  expected.  One  in  particular  that  had  been  used  a 
dozen  times  did  not  appear  appreciably  thinner  than  when  first 
made.  This  objection  to  the  iron  shield  is  not  a  serious  matter 
in  view  of  the  high  and  consistent  readings  obtained  with  it. 

It  is  possible  that  the  slightly  higher  temperatiu*e  (o.oi**  or  at 
most  0.02^)  obtained  with  the  double  iron  shields  may  ;aot  be  at- 
tributable entirely  to  experimental  error,  and  that  the  use  of  a 
single  shield  will  result  in  slightly  low  readings.  The  difference  is 
so  small,  however,  that  it  seems  desirable  to  standardize  the 
single  shield  for  use  in  the  sulphur  boiling  point  apparatus,  in  the 
interest  of  simplicity.  It  should  be  noted  that  in  the  electrically 
heated  apparatus  this  difference  was  not  found.     (See  Table  4.) 

In  cases  where  the  iron  is  objectionable,  altuninum,  blackened 
on  the  inside,  may  be  substituted,  and  in  case  it  is  desirable  to 
introduce  nothing  but  aluminum  into  the  bath,  a  corrugated 
aluminum  shield  is  satisfactory,  although  it  requires  more  time 
to  make.  Once  made,  it  is  perhaps  the  most  satisfactory  of  any. 
Any  of  the  three  shields  mentioned  have  been  shown  to  satisfy 
sufficiently  well  the  following  criteria  of  effective  shielding: 

(i)  The  reading  must  not  change  more  than  0.02*^  upon  mov- 
ing the  thermometer  with  the  shield  up  and  down  in  the  vapor 
coltmm  for  at  least  6  cm;  for  example,  from  6  to  12  cm  above  the 
liquid  surface. 

(2)  The  reading  must  be  steady;  if  fluctuations  amounting  to 
even  o.oi®  are  present,  a  readjustment  should  be  made. 

(3)  The  readings  should  be  capable  of  being  repeated  from  day 
to  day  to  within  0.03**. 

(4)  The  use  of  the  shield  should  lead  to  the  same  value  of 
Pt^eo  for  a  given  thermometer  regardless  of  the  thermometer  pro- 
tecting tube. 

(5)  The  use  of  the  shield  must  not  lead  to  different  readings 
with  age  or  repeated  use. 

(6)  Doubling  the  shield — ^that  is,  putting  a  shield  within  a  sim- 
ilar one — should  not  change  the  indications  of  the  thermometer. 

(7)  The  use  of  the  shield  should  lead  to  as  high  a  reading  as 
would  be  obtained  by  using  any  other  form  of  shield. 
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2.  INFLUENCE  OF  TYPE  OF  SULPHUR  BOILING  APPARATUS 

To  test  for  possible  e£fects  of  differences  in  methods  of  heating, 
in  donensions  and  in  the  heat  insulation  around  the  tube,  several 
types  of  bailing  apparatus  were  constructed  and  experiments  were 
made  to  determine  the  effects  of  various  types  of  insulation  around 
the  boiling  tube. 

An  electrically  heated  boiling  apparatus  was  built  along  the 
lines  of  the  one  used  by  Meissner  and  described  in  his  paper,  the 
main  difference  being  that  the  heating  coil  did  not  extend  under 
the  boiling  tube  but  was  wound  on  an  outer  porcelain  tube,  the 
coil  extending  upward  from  a  point  about  on  a  level  with  the 
bottom  of  the  sulphur-containing  tube  for  a  distance  of  about 
6  cm.  The  bottom  of  the  porcelain  tube  which  extended  some- 
what below  the  heating  coil  was  closed  with  asbestos  board.  An 
auxiliary  heating  coil  was  wound  on  the  upper  part  of  the  porce- 
lain tube  to  hasten  the  boiling,  but  was  disconnected  at  least  half 
an  hour  before  observing.  The  porcelain  tube  was  30  cm  long, 
the  inner  diameter  being  about  4  xnm  greater  than  the  outer 
diameter  of  the  boiling  tube,  and  thus  a  small  air  space  was  left 
between  the  two  similar  to  that  shown  in  Meissner's  drawing. 
This  apparatus  proved  very  effective  in  heating  up  quickly  on 
about  400  watts,  and  readings  taken  on  different  days  were  about 
as  consistent  as  thosa  observed  with  the  gas-heated  apparatus. 

Nine  observations  were  taken  in  this  apparatus  with  two  ther- 
mometers, Ca7  and  Cm»  the  former  having  a  glazed  porcelain  tube 
and  the  latter  a  glass  tube.  Comparing  these  observations  which 
are  shown  in  Table  4  with  those  made  in  the  gas-heated  apparatus, 
using  adequate  shields  in  both  cases,  C27  gives  a  value  for  electric 
heating  o.oi^  higher  than  for  gas  heating,  and  €»  gives  a  value 
for  electric  heating  0.03^  higher  than  for  gas  heating.  The  read- 
ings were  remarkably  constant  for  displacements  of  the  ther- 
mometers up  and  down  for  a  distance  of  more  than  10  cm,  the 
ustial  variation  not  exceeding  o.oi^.  In  this  type  of  boiling 
apparatus  there  is  a  possibility  that  the  vapor  may  be  superheated 
owing  to  conduction  up  the  porcelain  tube,  or  to  convection  of 
highly  heated  air  in  the  space  between  the  porcelain  tube  and  the 
boiling  tube. 

Through  the  kindness  of  Messrs.  Day  and  Sosman,  the  electrically 
heated  apparatus  was  made  available  in  which  their  direct  deter- 
mination of  the  sulphur  boiling  point  by  the  gas  thermometer  was 
carried  out.    The  boiling  tube  of  this  apparatus  is  71  mm  internal 
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diameter,  while  that  of  the  specially  constructed  apparatus  above 
described  is  42  ram.  A  direct  comparisoii  of  the  two  was  made  by 
interchanging  thermometer  C,,  from  one  to 'the  other,  resulting 
in  a  value  for  the  large  tube  about  0.03^  lower  than  for  the  small 
tube.  The  temperature  observed  in  the  large  tube  was  therefore 
the  same  as  that  observed  in  the  gas-heated  apparatus  previously 
described. 

TABLB  4. — Observations  with  BlectricaHy  Heated  Sulphur  Boiling  Apparatus 

(ft)  MBISSIfBR  TYPE 


Dido 


Ku.  4,1916 
BCtf.    9.1916 

00 

Mn.  4^1916 
JmM  2,1916 
Ku.    9,1916 

Do 

BCtf.  20^  1916 
Biar.   6,1916 


Thtf- 
moinotor 
miflibor 


Cv 
Cu 
Cn 
Cr 
C« 
Ca 
C» 
C» 


Tobom- 
clooiiig 

oter 


p>ftrwy*M 


.do. 


...do... 
...do.., 

Oloio. 
...do... 


.do. 
.do. 


Typo  of  Blilold 


UmteoDi  and  iron  ooao. 
do 


do 

CftUoadorOfifltks 

Umlttollo  and  Inn  eyUndor. 
do 


.do. 
.do. 


UmbroDa  and  dooblo  iron 
cyllndor. 


Ptm 


421.7% 

42U75 

421.73b 

421.7% 

421.72 

421.70 

421.69 

421.70 

421.70 


Avoiato  tor  C»  421.7S.a 


Avonge  for  Ca  421.70.^ 


(b)  DAY  AmO  SOOMAir  BOILINO  TX7BB 


ISar.  20, 1916 


C» 


Glass. 


Umbrella  and  iron  cylinder. 


b421.67 


•  Average  for  gaa-hcated  apjMuatus  Is  4ai .  7s .  h  Averase  for  gas-heated  appatattu  U  4a  i  .67 . 

A  tube  of  small  diameter  (25  mm  internal)  was  also  used  as  a 
boiling  tube.  It  was  heated  with  a  gas  burner  and  insulated  with 
sheet  asbestos.  Measurements  in  this  tube  indicated  superheat- 
ing of  the  vapor  and  considerable  differences  of  temperature  at 
different  heights  in  the  tube. 

Effect  of  Surroundings  of  Tube. — In  order  to  determine  to  what 
extent  the  heat  insulation  and  the  character  of  the  surface  next  to 
the  boiling  tube,  whether  this  surface  be  a  good  or  a  poor  re- 
flector, might  influence  the  reading  of  the  thermometer,  a  70  cm 
boiling  tube  was  used  in  a  short  jacket,  leaving  about  30  cm  of  the 
tube  extending  out  into  the  air.  By  using  a  very  large  flame,  it 
was  possible  to  raise  the  condensation  line  high  enough  to  obtain 
a  boiling-point  observation  in  that  portion  of  the  tube  surroimded 
only  by  the  air.  Boiling-point  observations  were  made  under  this 
condition  and  with  the  tube  surroimded  with  sheet  iron,  nickel 
foil,  and  thin  sheet  asbestos.    The  results  are  given  in  Table  5. 
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TABLE  5«— BUeet  ef  SufimsiidingB  of  Boiling  Tube  Upon  ladictHoitf  of  Thennometer 
€„  with  Porcelain  bidoBlng  Tube  Shielded  with  Iron  UmbreUa  and  Cylinder 


MalerUl  sonoviidliif  boUing  tube 

Pim 

Air 

421.64 

Siaast  im 

42L68 

If  kkel  foil 

421.71 

TV**"  MlMWtM             .    . . 

421. 72 

Tlili^t  tn^iklMMiHi 

••••■•«»*>■•*•■•■■■••«■■■■•«••>>■•>••«•■•>»■•>••**•«••••«■>«»>«**>•■ 

421.72 

From  the  two  sets  of  experiments  last  described  it  appears  that 
it  would  be  well  to  set  a  lower  limit,  say  4  cm,  to  the  diameter  of 
the  tube  in  the  standard  form  of  boiling  apparatus.  While  it  is 
necessary  to  provide  some  insulation  for  the  tube  it  is  evident 
that  a  very  small  amoimt  is  sufficient  and  that  the  amount  used 
will  be  dictated  by  considerations  of  efficiency. 

3.  PURITY  OF  SULPHUR 

Small  known  quantities  of  arsenic  and  selenium  were  added  to 
boiling  ptn-e  sulphtu-  and  the  boiling  point  observed  in  the  usual 
way  after  each  such  addition.  These  materials  were  selected  as 
being  the  most  probable  impurities  occuring  in  ordinary  sulphur 
and  which  xnight  be  expected  to  affect  the  boiling  pomt.  The 
results  are  given  in  Table  6. 

TABLE  6.— Bfiect  of  Added  Lnpuriiies  on  the  Boiling  Point  of  Sulphur 


CoodlliMi  of  mlplnsf 


Pm 

With  0.05  per  cent  atsenlc  addod 

WUh  0.1  pneanlanaok  added 

Wtfb  0.05  per  cent  ■elenhim  added  (phia  (he  0.1  per  cent  anenic). 
Willi  0.1  per  cent  aelenlnm  added  (pfasa  the  0.1  per  cent  arsenic).. 


Pttm 


421.79 
421.73 
421.75 
421.81 
42L82 


It  is  evident  that  selenium,  even  in  small  amounts,  would  be 
objectionable.  All  previous  experience  indicates,  however,  that 
such  impurities  are  not  likely  to  be  found  in  purified  sulphtir.  This 
is  further  confirmed  by  the  fact  that  the  boiling  point  of  a  sample 
of  crude  sulphur,  from  Louisiana,  was  fotmd  to  be  not  over  o.oi^ 
higher  than  that  of  the  purified  sulphur  used  regularly.  The 
crude  sulphur  was  part  of  a  specimen  exhibited  in  the  local  office 
of  the  Southern  Railway  Co.  and  was  supplied  through  the  courtesy 
of  their  local  representative. 
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4.  THE  RELATION  BETWEEN  THE  VAPOR  PRESSURE  OF  SULPHUR  AUD 

TEMPERATURE 

The  excellent  agreemetit  between  the  results  obtained  by  Hol- 
bom  and  Henning  and  by  Harker  and  Sexton  might  be  taken  to 
indicate  that  any  repetition  of  their  work  would  be  superfluous. 
However,  in  the  present  investigation  an  extended  comparison  of 
shields  was  xnade  during  a  considerable  time  interval  which  in- 
volved a  range  of  barometric  pressure  of  747  to  763  mm,  and  an 
equation  was  necessary  which  would  represent  the  pressure- 
temperature  relation  of  sulphtu-  vapor  to  an  accuracy  of  the  order 
of  o.oi^.  An  examination  of  Holbom  and  Henning's  data  indi- 
cated that  the  excellent  agreement  of  the  two  sets  of  observations 
might  have  been  to  some  extent,  at  least,  fortuitous,  and  this, 
together  with  the  fact  that  Harker  and  Sexton's  data  cotdd  not 
be  obtained  at  all,  made  it  appear  desirable  to  redet^mine  the 
relation.  The  present  work  gave  results  in  agreement  with  the 
older  formulas,  but  a  considerably  higher  degree  of  precision  was 
attained  in  the  measiurements. 

The  pressure-control  apparatus  is  shown  in  Fig.  3.  The  boiling 
tube  Was  closed  by  a  rubber  stopper  protected  from  the  heat  and 
from  contact  with  the  sulphur  vapor  by  a  disk  of  asbestos.  Con- 
nection was  made  with  8  mm  internal  diameter  tubing  through  a 
trap  of  2  liters'  capacity  to  the  water  manometer  and  to  the  pres- 
siu'e  regulator.  The  manometer  was  made  of  11  mm  internal 
diameter  glass  tubing  and  was  equipped  with  mirror  and  milli- 
meter scale  for  reading  menisci.  The  pressure  regulator  was  an 
ordinary  5  cubic  foot  meter  prover  with  water  seal.  This  proved 
admirable  for  pressure  control,  since  it  took  up  any  fluctuations  of 
pressure.  By  means  of  levers  and  weights  any  desired  presstn-e  in 
the  given  range  could  be  easily  produced  and  maintained  regard- 
less of  changes  in  temperature,  etc.  Simultaneous  readings  were 
made  of  the  thermometer,  manometer,  and  barometer. 

In  each  series  of  observations  readings  were  first  taken  at  one  or 
two  pressures  very  near  to  760  mm,  then  the  pressure  was  increased 
(or  decreased)  step  by  step  to  the  highest  (or  lowest)  attainable 
with  the  apparatus,  then  changed  step  by  step  to  obtain  points 
intermediate  between  these  previously  observed,  until  the  pressure 
of  760  mm  was  again  obtained.  Further  observations  at  pressures 
below  (or  above)  760  mm  were  then  made.  In  computing  the 
pressures  account  was  taken  of  the  density  of  the  water  in  the 
manometer,  the  expansion  of  the  manometer  scale,  and  of  the 
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differences  in  level  between  the  thermometer  in  the  sulphur  vapor, 
the  water  menisci,  and  the  barometer,  in  addition  to  the  usual 
barometric  corrections.  Prom  the  considerable  number  of  obser- 
vations at  pressures  near  760  mm  a  value  of  5  was  computed,  and 
in  this  way  the  curve  was  made  to  pass  through  the  point 
t  «-444?6  p  —  760  mm.  This  method  of  computation  might  in- 
volve the  use  of  a  value  of  2  differing  by  one  or  two  units  in  the 
third  decimal  place  from  the  best  value  of  i  for  that  thermometer, 
but  insured  the  agreement  of  observed  and  calculated  values  for 
normal  pressure. 

Three  series  of  observations  were  made  and  two  thermometers 
were  used.    All  of  the  observed  points  are  reproduced  in  Fig.  4,  in 


Piumtites  m  mm  trftemmr 
F^G.  4. — Observed  minus  calculated  values  of  temperatun  plotted  agaimt  pressure 

X  ObMrvations  with  thermometer  Cit.  May  96, 19x6. 
+  Observations  with  thennometer  Csr,  June  ao,  19x6. 
o  Observations  with  thccmometcr  Csx  June  aj,  19x6. 
Fodtive  ordinatcs  indiofte  higher  tonperatures  than  those  calculated  from  the  equation. 

^444*60  +OW09Z0  (^—760)  —0.000049  (^—760)*  (MueEer  and  Burgess). 
Other  equations: 

t^im-\-ojo9io  (^— 760)— 0.OPO043  {P'^'j6o)F  (HottMMm  and  Henning). 
P^tm+o.ogo4  (>— 960)— 0.000053  (^—760)*  (Barker  and  Sexton). 

which  the  deviations  of  the  observed  temperatiu'es  from  those 
calculated  by  means  of  the  equation 

^  =  ^•0+0.0910  (/>  — 760)  —  0.000049  (/>  — 760)* 

which  was  found  to  represent  the  observations,  are  plotted  against 
the  pressure.  The  deviations  of  Holbom  and  Henning's  equation 
and  of  Harper  and  Sexton's  equation  from  the  above  equation  are 
also  shown  in  Fig.  4. 

IV.  SUMMARY 

The  importance  of  the  sulphur  boiling  point  as  defining  a  stand- 
ard temperatiu-e  and  the  necessity  of  obtaining  further  evidence 
upon  certain  questions  concerning  the  effect  of  experimental  con- 
ditions upon  the  results  obtained  in  its  use,  are  considered. 


i82  Scientific  Papers  of  the  Bwreau  of  Standards         [VoL  is 

The  work  of  Meissner,  which  showed  that  the  reflecting  power 
of  the  inner  stuiace  of  a  radiation  shield  may  have  a  considerable 
effect  upon  the  temperature  assumed  by  a  resistance  thermometer 
in  the  sulphur  boiling  apparatus  has  been  confirmed  and  extended. 
A  number  of  t3rpes  of  shields  were  found  to  be  satisfactory. 

The  influence  of  the  type  of  boiling  apparatus  upon  the  observed 
temperature  was  fotmd  to  be  very  small. 

Hie  effect  of  certain  imptuities  in  the  sulphur  upon  the  observed 
boiling  point  was  investigated. 

The  change  of  vapor  pressure  with  temperature  over  the  range 
of  pressures  from  700  to  800  mm  was  redetermined. 


APPENDIX 


PROPOSED  STARDARSIZATIOlf  OF  THE  STJLPHDR  BOHINO  POmT 

• 

All  experimental  work  pttblloihed  has  been  drawn  upon  in  preparation  of  these 
specifications.  The  specifications  relate  to  apparatus  and  procedure  suitable  for 
the  standardization  primarily  of  resistance  thermometers  and  thermocouples,  and  it 
was  therefore  oonsidered  permissible  to  limit  the  type  of  apparatus  somewhat  closely. 
The  aim  has  been  to  impose  conditions  which  are  sufficient  to  insure  that  the  ther- 
mometer  shall  assume  a  definite  temperature,  dependent  only  upon  the  pressure, 
when  placed  in  the  apparatus,  and  the  question  as  to  whether  these  conditiona  are 
really  necessary  has  received  only  secondary  consideration.  Thus  the  question  as 
to  the  temperature  attained  in  tubes  larger  or  smaller  than  those  specified  need  not  be 
considered.  It  may  further  be  supposed  that  the  thermometer  or.  couple  will  be 
mounted  in  a  piotecting  tube  or  sheath,  and  that  the  diameter  of  sudii  a  tube  or 
width  of  the  sheadi  will  be  less  than  s  cm. 

The  ^lecificationa  relate  to  the  following  matters:  (x)  Boiling  apparatus,  (a)  purity 
of  sulphur,  (3)  radiation  shield,  (4)  procedure,  and  (5)  oomputatkms. 

(x)  Boiling  Apparatus, — ^The  boiliog  tube  is  of  glass,  fused  silica  or  similar  material, 
and  has  an  internal  diameter  ol  not  less  than  4  nor  more  than  6  cm.  The  length  must 
be  such  that  the  length  of  the  vapor  column  measured  from  the  surface  of  the  liquid 
sulphur  to  the  level  of  the  top  of  the  insulating  material  surrounding  the  tube  shall 
exceed  the  length  of  the  thermometer  coil  by  at  least  20  cm.^^  Heating  is  by  any 
suitable  heater  at  the  bottom  of  the  tube,  and  the  arrangement  must  be  such  that  the 
heating  element,  and  all  conducting  material  in  contact  with  it,  terminate  at  least 
4  cm  below  the  level  of  the  liquid  sulphur.  If  a  flame  is  allowed  to  impinge  directly 
on  the  tube,  the  heat  insulation  must  extend  at  least  4  cm  below  the  level  of  the  liquid 
sulphur.  There  sh<hdd  be  a  ring  of  insulating  material  above  the  heater,  fitting  the 
tube  closely,  to  prevent  superheating  of  the  vapor  by  convection  currents  outside 
the  tube.  Above  the  heater  the  tube  is  surrounded  with  insulating  material,  not 
necessarily  in  contact  with  it,  and  of  such  character  as  to  provide  heat  insulation 
equivalent  to  a  thickness  of  not  less  than  x  cm  of  asbestos.  The  length  of  this  insu- 
lation has  already  been  specified.  Any  device  used  to  close  the  top  of  the  boiling 
tube  must  allow  a  free  opening  for  equalization  of  presstu^. 

(2)  Purity  0/  Sulphur. — ^The  sulphur  shotdd  contain,  not  over  o.oa  per  cent  of  im- 
purities.    It  should  be  tested  to  determine  whether  selenitun  is  present. 

(3)  Radiation  Shield. — ^The  radiation  shield  consists  of  a  cylinder  open  at  both  ends 
and  provided  with  a  conical  tunbrella  above.  The  cylindrical  part  i»  to  be  x.5  to 
2.5  cm  larger  in  diameter  than  the  protecting  tube  of  the  thermometer,  and  at  least 
I  cm  smaller  than  the  inside  diameter  of  tiie  boiling  tube.  The  cylinder  should 
extend  x.5  cm  or  more  beyond  the  coil  at  each  end.  The  umbrella  should  fit  the 
thermometer  tube  closely,  should  overhang  the  cylinder,  and  be  separated  from  the 
latter  by  a  space  0.5  to  x  cm  high.  The  iimer  surface  of  the  cylinder  must  be  a  poor 
reflector,  such  as  sheet  iron,  blackened  altuninum,  asbestos,  or  a  deeply  corrugated 
surface. 

"  This  lencth  ivms  arrived  at  as  follows:  The  «*<«<«rwwi  distance  Irom  the  liquid  surface  to  the  bottom 
of  the  shield  was  taken  as  6  cm,  excess  of  length  of  shidd  over  length  of  thennomcter  coil  6  cm,  distance 
avaibblefor  displacing  thoinoiiieter  6  cm,  and  minimum  distance  from  topof  shield  to  level  of  top  of  insu* 
hokaaca. 

183 
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(4)  Procedure, — ^The  sulphur  is  brought  to  boiling  ^'  and  the  heating  is  so  regulated 
that  the  condensation  line  is  sharply  defined  and  is  i  cm  or  more  above  the  level  of 
the  top  of  the  insulating  material.  The  thermometer,  inclosed  in  its  shield,  is  inserted 
into  the  vapor,  taking  care  to  have  the  thermometer  coil  properly  located  with  respect 
to  the  shield,  and  the  thermometer  and  shield  centered  in  the  boiling  tube.  After 
putting  the  tlf ermometer  into  the  vapor  time  must  be  allowed  for  the  line  of  condensa- 
tion again  to  reach  its  proper  level.  Simultaneous  readings  of  the  temperature  and 
barometric  pressure  are  then  made.  In  all  cases  car^  should  be.  taken  to  prove  that 
the  temperature  is  not  affected  by  dif^laring  the  thermometer  2  or  3  cm  either  up  or 
down  from  its  usual  position. 

(5)  CompuUUiofu, — ^Tempeiatures  are  calculated  fxom  the  pressure  by  use  ci  the 

formula, 

Ta-444? 60+0.0910  (^—760)— 0.000049  (^—760).' 

If  necessary,  account  should  be  taken  of  any  difference  in  pressure  between  the 
levels  at  whidi  the  thermometer  bulb  and  the  open  end  of  the  barometer,  respectively, 
are  located.  Pressures  are  to  be  expressed  in  the  equivalent  millimeters  of  merctuy 
at  o^  and  under  standard  gravity  (^s98o.665). 

**  If  the  Milfihttr  ha*  been  allowed  to  tolidify  in  the  bottom  ol  the  tube,  it  must  bt  mehed  from  the  top 
downward  to  ovoid  bieoking  the  tube.  A  better  procedure  is  that  reoommendcd  by  Bothe  (Z.  S.  fOr  Instrk., 
tt,  p.  566. 1903),  vix,  on  oompktiaf  woik  with  the  appanta  it  ii  turned  ao  that  the  tube  makes  an  angle 
ol  JO*  or  leas  with  the  horizontal,  to  that  the  sulphur  on  solidifying  extends  along  the  sides  ol  the  tube,  an 
whidi  position  it  may  be  melted  down  with  less  danger  of  breaking  the  tube.  Even  when  the  procedure 
recommended  is  foHowed,  breakage  of  tubes  may  be  reduced  by  carefully  melting  the  suU^ur  from  the 
top  downward  over  a  bnnsen  burner  before  applying  heat  to  it  in  the  appamtus. 

Washington,  January  22,  191 9. 
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L  mXRODUCTION 

Inqttiries  which  the  Bureau  has  received  from  time  to  time 
concerning  a  standard  method  for  making  freezing-point  deter- 
minations of  substances  such  as  naphthalene  and  paraffin  have 
made  it  evident  that  there  is  little  imiformity  in  the  methods 
used  for  such  work  in  the  industries.  This  conclusion  has  been 
confirmed  by  an  inspection  of  Treasury  Decisions,*  in  which  one 
finds  disputes  arising  out  of  a  failure  of  industrial  laboratories  to 
agree  among  themselves  or  with  the  customs  laboratories  as  to 
the  methods  that  should  be  used  in  obtaining  solidification-point 
determinations  of  naphthalene,  which  imder  a  law  of  191 6  will 
be  admitted  free  of  duty  if  its  solidification  point  is  below  79®  C. 
Naphthalene  solidifjdng  at  or  above  this  temperature  is  classi- 
fied as  refined. 

The  need  for  such  a  standard  method  and  apparatus  resulted 
in  the  calling  of  a  conference  of  officials  of  the  Customs  Service  at 

>  Tttaaury  Dedaioiu,  Vk,  Oct.  04, 19x8;  No.  7  (T.  D.  37790-O.  H.  SZ97),  p.  5. 
114037^—19  185 
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the  Bureau  of  Standards  to  discuss  this  question.  This  confer- 
ence,* held  in  December,  191 7,  at  the  Bureau,  made  certain 
recommendations  in  regard  to  a  standard  method  for  obtaining 
the  freezing  point  of  naphthalene.  The  conference  recommended 
a  method  which  has  long  been  in  use  in  physical-chemical  work, 
namely,  the  constant-temperature  method.  The  details  of  the 
method  as  applied  to  determinations  of  the  solidification  point 
of  naphthalene  and  other  substances  will  be  described  later. 

n.    PRINCIPLES  UNDERLYING  THE  CONSTANT-TEMPER- 
ATURE METHOD 

In  general,  an  impttre  substance  does  not  have  a  definite  freez- 
ing point.  For  a  pure  substance  the  melting  and  freezing  points 
are  identical  and  either  may  be  defined  as  the  temperature  at 
which  crystals  and  liquid  will  exist  in  contact  and  in  equilibritmi 
at  standard  atmospheric  presstire.  If  a  pure  liquid  is  allowed  to 
cool  slowly  enough,  the  temperattu'e  will  be  observed  to  become 
constant  as  soon  as  crystals  begin  to  separate  out  and  will  remain 
constant  tmtil  all  or  a  considerable  part  of  the  substance  has 
solidified. 

This  constant  temperature  is  often  preceded  by  tmdercooling, 
but  as  soon  as  crystals  form  the  temperature  rises  sharply  to  the 
freezing  point,  which  may  thus  be  accurately  observed.  The 
amount  of  tmdercooling  which  takes  place  may  be  greatly  dimin- 
ished by  stirring  the  liquid. 

The  experimental  determination  of  the  freezing  point  is,  there- 
fore, relatively  simple  if  a  sufficient  quantity  of  the  material  is 
used  so  that  the  temperature  can  be  measured  by  means  of  a 
thermometer  inserted  into  it.  Melting-point  determinations  by 
this  method  are  much  more  difficult  and  uncertain  than  those  of 
freezing  point,  especially  for  solids  of  low  thermal  conductivity. 

If  an  imptue  liquid  is  allowed  to  cool  slowly,  the  crystals  which 
separate  out  are,  in  general,  of  higher  purity  than  the  original 

*  Those  attending  this  oooference  were  T.  D.  Suaaos,  BaMmore;  D.  I#.  Cobum,  Boston;  C.  C  Roberts, 
Fhilsdelphia;  J.  H.  Hines,  Chicaso;  B.  R.  Pickrell,  New  York;  and  H.  1,.  Barrick,  Washington,  from 
the  Treasury  Department;  and  C.  £.  Waters,  £.  P.  Modlcr,  R.  M.  Wilhelm,  and  J.  h.  Pinkelstein  from 
the  Bureau  ol  Standards,  Washington. 
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mataial,  so  that  the  impurities  are  concentrated  in  the  liquid, 
which  results  in  a  continued  lowering  of  the  freezing  point  as  the 
freezing  progresses.  If  the  freezing  point  of  an  impure  liquid  is 
determined,  the  temperatture  will,  therefore,  not  remain  constant 
at  any  time,  but  will  fall  slowly  after  freezing  has  begun.  It  will 
be  noted  that  the  initial  freezing  point — ^that  is,  the  temperature 
observed  just  after  crystals  are  beginning  to  form  or  immediately 
after  undercooling  ceases — ^bears  a  definite  relation  to  the  amotmt 
of  impurity  present.  When  the  freezing  point  is  used  as  a  criterion 
of  ptirity,  the  initial  freezing  temperature  is,  therefore,  the  one 
which  is  of  interest  and  is  by  definition  called  the  ''freezing"  or 
"solidification"  point.  In  dealing  with  more  or  less  indefinite 
mixtures,  such  as  parafiSn,  the  initial  freezing  point  is  also  by 
definition  taken  as  the  actual  freezing  point  of  the  substance. 

m.  THE  CAPILLART-TUBE  METHODS 

Among  the  various  methods  used  to  determine  freezing  or  melt- 
ing points  those  which  make  use  of  a  capillary  tube  of  some  form 
are  very  common.  Experiments  made  here  and  in  other  labora- 
tories have  demonstrated  that  the  capillary-tube  melting-point 
method  will  not  usually  give  so  consistent  nor  so  accurate  results 
as  the  constant-temperature  method.  In  special  cases,  however, 
when  only  a  small  quantity  of  material  is  available  or  when  speed 
rather  than  accuracy  is  desired,  it  may  be  more  satisfactory,  or 
even  necessary,  to  use  this  less-accurate  method. 

IV.  PRELIMINARY  EXPERIMENTAL  WORK 

The  freezing-point  method  which  will  be  described  was  adopted 
as  the  result  of  experimental  work  done  at  several  of  the  customs 
laboratories  and  at  the  Bureau  of  Standards  dttring  November  and 
December,  191 7,  on  various  types  of  apparatus  and  methods 
which  had  been  used  previous  to  that  time  in  customs  labora- 
tories. 

In  the  main,  three  types  of  freezing-point  apparatus  were 
investigated  at  this  Bureau,  and  determinations  were  made,  under 
various  conditions,  of  the  solidification  point  of  pure  naphthalene. 
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pure  naphthalene  to  which  other  substances  had  been  added,  and 
impure  samples  which  had  been  submitted  to  the  Bureau. 

The  three  types  of  apparatus  which  were  designated  as  Nos. 
I,  2f  and  3  may  be  briefly  described  as  follows: 

No.  I  was  practically  the  same  as  the  apparatus  which  will  be 
described  later  in  this  paper. 

No.  2  consisted  of  a  cylindrical  Dewar  or  vacuum  container,  20 
cm  in  depth  and  3  cm  in  internal  diameter,  in  which  the  test 
sample  was  allowed  to  cool  while  its  solidification  point  was  being 
observed. 

No.  3  consisted  of  a  ^-inch  test  tube  containing  the  sample 
immersed  in  a  beaker  of  water  which  was  heated  sufficiently  to 
mdt  the  naphthalene  and  then  allowed  to  cool  while  the  solidifi- 
cation point  was  being  observed. 

Comparative  measurements  made  with  the  three  types  of 
apparatus,  using  pure  naphthalene,  showed  that  consistent  and 
accurate  results  could  be  obtained  with  any  of  them  if  proper 
precautions  were  taken.  The  results  of  the  comparison  are  given 
in  Table  i . 

TABLE  1.— Avenges  of  SolidificatiQn  Pointe  Found  for  a  Sample  of  Pure  Naphtha- 
lene with  Three  Types  of  Apparatus  and  with  Resistance  and  UercuriaJ 
Thermometers. 


Appuitns 

Plirtiiiuiii 
r6siitaiioo 

Mercurial 

lfa.1 .^ 

•c 

80.10 

aaio 
8a  12 

•c 

80.08 

Ho.  2 

8a  10 

Ho.  3 

8a  10 

The  choice  of  the  apparatus  can,  from  the  above  results,  be 
seen  to  depend  largely  upon  the  factors  of  simplicity,  convenience, 
availability,  and  speed. 

Apparatus  No.  i  seemed  to  possess  advantages  in  the  above 
respects  sufficient  to  warrant  its  adoption. 

In  the  experimental  work  a  platinum  resistance  thermometer,  a 
mercurial  thermometer  graduated  from  o  to  100^  C  in  0.2®  inter- 
vals, and  a  mercurial  thermometer  graduated  from  70  to  no®  C 
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in  0.1°  intervals  were  used.  With  the  long  merctmal  thermome- 
ters the  stem  correction  was  large,  and  for  this  reason  the  short 
thermometer,  graduated  according  to  specifications  which  will  be 
given  later,  was  preferred.  Thermometers  graduated  for  partial 
immersion  did  not  seem  desirable. 
The  effect  of  adding  moisttu-e  to  the  pure  sample  is  given  below: 

•c 

Pure  sample  naphthalene,  solidification  point 80. 13 

3  per  cent  distilled  water  added,  solidification  point 79*  7B 

Heated  one  hour  at  no*',  solidification  point 8a  zo 

This  experiment  shows  very  clearly  the  importance  of  desig- 
nating whether  or  not  the  sample  shall  be  dried  previous  to  mak- 
ing the  solidification  point  determination  if  consistent  results  are 
to  be  obtained. 

A  dry  sample  exposed  to  an  atmosphere  saturated  with  moisttu^ 
in  a  closed  vessel  for  three  days  showed  no  change  in  the  freezing 
point. 

V.    DESCRIPTION    OF    STANDARDIZED    APPARATUS    AND 

METHOD 

The  following  is  a  description  of  the  apparatus  and  method 
finally  adopted  and  used  at  this  Bureau  for  the  determination  of 
the  solidification  point  of  naphthalene  and  recommended  in  the 
report  of  the  previously  mentioned  conference.  As  will  be  shown 
later,  the  method  can  be  used  satisfactorily  for  obtaining  the 
freezing  points  of  paraffins  and  many  other  substances. 
'  Apparatiis. — ^The  form  of  the  apparatus  shown  in  Fig.  i  con- 
sists of  a  J^-inch  test  tube,  7  inches  long  (a  stock  size)  sturounded 
by  an  air  jacket  which  may  be  formed  by  a  bottle.  The  bottle  is 
closed  by  a  stopper  which  supports  the  test  tube.  The  test  tube 
carries  a  stopper  about  J4  inch  thick,  with  suitable  perforations 
for  thermometer  and  stirrer.  The  stirrer  consists  of  a  loop  of 
glass,  with  a  glass  stem,  the  loop  sturotmding  the  thermometer. 
The  test  tube,  with, its  jacket,  is  placed  in  a  water  bath.  The 
level  of  the  water  in  the  water  bath  should  be  at  least  as  high  as 
the  level  of  the  melted  naphthalene.  A  stirrer  in  the  water  bath 
is  not  necessary. 
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Thermometers. — ^The  thermometer  used  is 
to  be  made  according  to  the  foUowing  specifi- 
cations. The  use  of  other  suitable  thermome^ 
ters — that  is,  tbennometers  similar  to  this  but 
having  no  ice  point — is  permissibte. 

The  general  appearance  of  the  thermome- 
ter is  shown  in  Fig.  2.  It  is  graduated  from 
-1°  to  +1°  and  from  74  to  102"  in  o".! 
intervals. 

The  required  dimensions  are:  Total  length, 
33  to  35cm;  diameter  of  stem,  5.5  to  6.5mm; 
length  of  28°  interval  from  74  to  102",  not 
less  than  i  S  cm ;  bulb  same  diameter  as  stem, 
or  smaller,  length  not  over  4  cm ;  and  the  80" 
mark  not  less  than  14  cm  nor  more  than 
16  cm  above  bottom  of  bulb. 

The  bulb  should  be  made  of  suitable  ther- 
mometiic  glass,  and  the  stem  of  enamel- 
backed  thermometer  tubing. 

The  graduation  lines  should  be  clear  and 
sharp,  and  their  thickness  should  be  not 
more  than  o.i  of  the  length  of  a  graduation 
interval.  The  longer  lines  should  preferably 
eirtend  equally  to  the  right  and  left  of  the 
shorter  ones.  The  numbers  should  be  placed 
as  shown  in  the  drawing.  The  bulb  should 
be  thoroughly  annealed  to  prevent  change  of 
indications  with  time. 

The  manufacturer's  name  or  trade-mark 
and  a  serial  number  should  be  engraved  on 
the  thermometer, 

A  suitable  case,  preferably  of  brass,  with  a 
slip  or  screw  cap,  should  be  provided  for  the 
thermometer. 

The  correction  at  any  point  of  the  scale 
should  not  exceed  0.15°  C,  nor  should  the 
change  in  the  corrections  over  any  interval 
exceed  0.5  per  cent  of  that  interval.    These 
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requirements  apply  provided  the  thermometer  is  used  with  bulb 
and  mercury  column  at  the  same  temperature. 

Procedure. — (a)  Take  care  to  get  a  representative  portion  of  the 
sample,  break  up  Itunps  or  moth  balls,  and  mix  thoroughly,  but 
avoid  loss  of  volatile  matter  as  much  as  possible.' 

(6)  Melt  the  naphthalene  by  immersing  the  test  tube  in  water 
heated  to  not  over  90*^  C.  The  level  of  the  melted  naphthalene 
should  be  about  2  inches  below  the  top  of  the  tube  in  which  it 
is  contained.  If  a  large  number  of  determinations  are  to  be 
made,  a  water  bath  maintained  at  about  90^,  and  provided  with 
a  suitable  support  for  a  number  of  test  tubes,  will  be  found  con- 
venient. The  naphthalene  should  not  be  heated  above  90®  nor 
longer  than  necessary,  and  the  tubes  should  be  kept  closed  in 
order  to  avoid  loss  of  volatile  material. 

(c)  Transfer  the  naphthalene  to  the  apparatus  described  above. 
The  temperatitre  of  the  water  bath  should  be  between  70  and 
75*^  and  need  not  be  raised  during  the  determination.  Insert 
thermometer  and  stirrer,  which  may  have  been  previously  warmed. 
This  will  raise  the  level  of  the  melted  naphthalene  about  }4  inch, 
and  the  level  should  then  be  about  K  i^ich  below  the  stopper 
(limits  of  yi  inch  to  ji  inch  permissible) . 

The  bottom  of  the  thermometer  btilb  shotild  be  at  least  }4 
inch  above  the  bottom  of  the  test  tube.  After  the  temperature 
of  the  naphthalene  reaches  81^,  take  readings  every  half  minute, 
stirring  -die  naphthalene  continuously  but  not  violently.  In 
making  the  readings  estimate  to  the  nearest  o.i  division  (o.oi^) 
and  take  the  usual  precautions  to  avoid  parallax.  Readings 
may  be  more  easily  made  with  the  aid  of  a  magnifying  glass; 
but  this  is  not  necessary.  The  solidifying  point  corresponds  to 
the  first  series  of  five  or  more  readings,  during  which  the  tem- 
perattu'e  remains  constant  (change  not  over  0.02°).  Usually 
undercooling  will  occur,  in  which  case  the  constant  temperature 
should  be  observed  immediately  after  the  tmdercooling  ceases* 
If  the  five  readings  are  not  identical,  take  the  average  of  the 
five  readings.  Apply  the  scale  and  stem  corrections.  The 
stem   correction  for  the  thermometer  specified  and  the  ;t3rpe 

*  In  view  of  the  effect  of  the  presence  of  water  in  the  tunple  end  of  the  fact  that  the  water  can  be  easOy 
fcmoved  without  special  refining  methods,  the  confercnoe  reoommended  that  the  sample  be  freed  fram 
mofstnre  before  mslring  the  determination*  provided  such  procedure  were  permissible  under  the  law. 
In  a  recent  supplement  to  theKannal  of  Methods  for  the  Port  of  New  York  directions  are  given  for  dry- 
ing the  napbthakne  previous  to  the  soUdifiOBtioii-paint  dctennination. 
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of  apparattus  used  will  be  small  (about  0.03^)  and  may  therefore 
be  determined  once  for  all  according  to  the  following  formula : 

Stem  correction  equals  0.00016  NiT^-t)  (centigrade  tempera- 
tures). 

N — number  of  degrees  of  merctuy  coltunn  emergent. 

T = temperature  of  bulb. 
/  —  average  temperature  of  emergent  mercury  colunm. 

(cQ  Repeat  the  determination  with  a  fresh  portion  of  the  sam- 
ple. The  two  determinations  should  agree  within  0.05**;  and  if 
they  do  not,  make  a  third  determination.    Average  the  results. 

It  is  to  be  noted  that  in  the  above  procedure  there  has  been 
incorporated  what  is  virtually  a  definition  of  the  solidification 
point,  namely,  the  temperatiu'e  at  which  solidification  begins. 
This  definition  was  adopted  by  the  conference  because  the  deter- 
mination of  the  solidification  point  is  essentially  a  criterion  of 
purity,  and  it  is  the  depression  of  the  initial  freezing  point  below 
that  of  the  pure  substance  which  is  a  measure  of  the  amotmt  of 
impurity  present. 

Recommendations  substantially  the  same  as  the  above  were 
submitted  to  six  customs  laboratories  in  various  cities,  and  a 
cooperative  test  was  made  by  these  laboratories  and  the  Bureau 
on  three  samples  of  naphthalene. 

The  original  samples  were  received  at  this  Btireau,  and  sub- 
samples  were  carefully  taken  from  each.  These  subsamples  were 
then  sent  to  the  different  laboratories  along  with  thermometers 
made  according  to  the  specifications  previously  noted.  These 
thermometers  were  tested  at  the  Bureau  for  scale  errop  before 
sending  to  the  various  offices.  \ 

The  solidification  points  obtained  at  the  various  laboratories 
and  at  this  Btireau  are  given  in  Table  2. 

TABLB  2.— Solidification  Points  of  Thioe  Samjplas  of  Ntphthalono  as  M easurod 
at  Six  Customs  Laboratories  and  at  the  Burean  of  Standards 
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It  can  be  seen  that  the  results  obtained  at  the  various  labora- 
tories and  at  the  Btueau  are  in  good  agreement  except  those  re- 
ported for  laboratory  No.  I.  The  low  results  of  No.  I  may  be 
explained  by  the  fact  that  a  smaller  amount  of  naphthalene  than 
that  required  in  the  specifications  was  used.  This  laboratory 
failed  to  receive  a  copy  of  the  conference  report  and  used  a  method 
which  differed  in  some  essential  details  from  that  specified. 

The  agreement  of  the  various  laboratories  would  indicate  that 
determinations  of  the  solidification  point  of  naphthalene  in  the 
neighborhood  of  79^  C  are  reproducible  by  this  method  to  o.i  or 
0.2^  C.  The  experiments  of  the  Bureau  have  shown  that  for 
naphthalene  of  higher  ptirity  the  freezing  points  of  samples  can 
be  repeated  to  0.05°  or  better. 

VI.  SOLIDIFICATION  POINT  OF  PARAFFIN 

This  same  method  and  apparatus  with  slight  modifications  of 
thermometer  and  temperatture  of  outer  bath  were  used  for  paraffin 
freezing-point  determinations.     The  results  are  given  in  Table  3. 

TABLB  3.— Detennlnfttions  of  Solidification  Points  of  Three  Samples  of  Paraffin 
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too.z*. 


WOkdm 


J 


Solidification  Point  Method 


195 


Fio.  3. — Solidification  curves  fornaphthaUne 
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Fxo.  4. — SoUdiJmtion  curves  for  paraffin 
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The  above  results  indicate  that  the  determination  of  the  solidi- 
fication point  of  paraffin  may  be  obtained  with  the  apparatus 

■ 

described  to  an  accuracy  of  about  o.i®  or  better. 

The  most  desirable  thermometer  for  paraffin  freezing-point 
determinations  would  be  one  graduated  from  40  to  70^  C  or  higher 
in  O.I  or  0.2®  intervals. 

If  such  a  special  thermometer  is  not  available,  consistent  and 
accurate  results  can  be  obtained  with  other  suitable  thermometers, 
provided  allowance  is  made  for  scale  error  and  error  due  to  the 
emergent  mercury  column. 

In  paraffiji  the  undercooling  preceding  solidification  is  scarcely 
observable.  The  constant-temperatvue  phenomenon  is  also  not 
as  marked  as  in  naphthalene,  since  paraffin  is  a  mixttu'e  and  the 
composition  of  the  liquid  changes  as  solidification  proceeds. 
These  experiments,  however,  have  shown  that,  in  general,  the 
temperature  will  stay  constant  to  within  o.i®  for  about  two  min- 
utes if  the  apparatus  described  is  used. 

Some  typical  freezing-point  curves  of  naphthalene  and  paraffin 
are  shown  in  Figs.  3  and  4. 

This  method  has  been  applied  in  the  laboratory  to  the  deter- 
mination of  the  solidification  points  of  benzoic  acid  and  also  of 
antifreezing  solutions,  brines,  fire-extinguishing  liquids,  etc.,  by 
the  substitution  of  a  cold  bath,  maintained  at  a  suitable  tempera- 
tiure,  for  the  heated  water  bath. 

Vn.  SUMMARY 

After  a  brief  treatment  of  the  definitions  of  melting  and  freezing 
points,  both  of  ptu'e  substances  and  of  mixttnes,  a  method  of 
making  solidification-point  determinations  is  described.  This 
method,  which  is  an  adaptation  of  a  well-known  one,  was  recom- 
mended at  a'  conference  of  Bureau  of  Standards  and  United 
States  customs  officials  and  was  adopted  by  the  U.  S.  Customs 
Service  for  the  determination  of  the  soUdification  point  of  naph- 
thalene. The  method  has  been  applied  to  the  determination  of 
the  freezing  points  of  many  other  substances. 

Washington,  February  14,  1919. 
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I.  PURPOSE 

The  purpose  of  this  work  was  to  obtain  general  information 
r^^ding  the  effective  capacity,  effective  resistance,  true  capac- 
ity, true  inductance,  and  wave  length,  as  well  as  the  transmit- 
ting directional  effect  of  various  types  of  airplane  antennas. 
In  addition  to  trailing  antennas  of  one,  two,  and  four  wires,  the 
constants  of  various  fixed  antennas  were  measured  in  an  attempt 
to  find  a  satisfactory  substitute  for  the  trailing  wire  at  short 
wave  lengths. 

n.  CAPACITY  AND  RESISTANCE  MEASUREMENTS 

1.  APPARATUS 

All  meastnements  were  made  in  flight,  using  a  continuous  wave 
oscillator  feeding  directly  into  the  antenna.  A  measurement  of 
the  effective  resistance  and  effective  capacity  of  each  antenna 
was  made  at  several  different  wave  lengths,  from  which  resistance 
wave-length  and  capacity  wave-length  curves  were  drawn.  A 
wiring  dis^ram  of  the  test  set  used  is  shown  in  Fig.  i.  It  may  be 
observed  that  this  is  the  familiar  Colpitts  circuit,  in  which  the 

antenna  takes  the  place  of  the  regular  coupling  condenser.    By 
changing  K^  from  A  to  B  sl  dummy  antenna  is  substituted  for  the 

1  The  dAta  given  in  this  pftper  were  obtamed  by  the  writer  while  an  officer  in  the  Signal  Corps,  United 
States  Army,  and  js  pobljshed  with  the  consent  of  this  organization. 
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one  under  test.  This  consisted  of  a  calibrated  straight  mre 
resistance  variable  in  steps  of  o.i  ohm,  and  a  variable  condenser 
calibrated  for  both  capacity  and  resistance  at  various  wave  lengths 
and  angular  settings.  The  oscillator  and  dummy  antenna,  to- 
gether with  a  wave  meter  of  suitable  range,  were  mounted  on  the 
bakelite  panel  of  a  set  box  which  fitted  in  the  front  of  the  cockpit, 
convenient  for  reading  condensers  and  ammeters.  By  switch 
K^  the  wave  meter  could  be  open  circuited  and  thus  absorb 
no  energy.  All  condensers  were  shielded  by  grounded  copper 
cases.  For  measurements  at  short  wave  lengths  the  inductance 
was  made  by  winding  No.  14  wire  on  a  wooden  toroidal  core, 
having  taps  every  three  tinns  for  various  wave  lengths.     This 


Wcfve  M^ter 


^       ^'f ^ 

<>-VVVNAAAAA- 

^Jimny  Animnna 

Fio.  z. — Wiring  diagram  of  airplane  antenna  test  set 

eliminated  to  a  large  degree  all  stray  magnetic  fields.  Power  was 
supplied  by  a  lo-volt  storage  battery  and  a  300-volt  dynamotor, 
battery  driven.  A^^  A^y  A^  are  ammeters  in  filament,  djmamotor, 
and  oscillating  circuits,  respectively.  A  grid  leak  of  50000- 
ohms  shunted  the  variable  grid  condenser.  All  leads  carrying 
oscillations  were  made  as  short  as  possible  to  avoid  stray  capac- 
ities. 

2.  mahipulation 

The  effective  capacity  was  determined  by  adjusting  the  induc- 
tance taps  and  grid  condenser  for  good  oscillation  at  approximately 
the  desired  wave  length,  with  the  antenna  in  circuit,  then  setting 
the  wave  meter  at  resonance.    The  switch  K^  is  next  turned  to 
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B  and  the  dummy  condenser  adjusted  until  the  wave  meter  is 
again  in  resonance.  From  the  condenser  calibration  the  capacity 
at  this  wave  length  may  be  obtained.  To  find  the  effective  re- 
sistance, having  set  capacities  as  above,  the  wave  meter  is  open 
circuited  by  opening  if,  and  the  reading  of  A^  noted  with  Ky^  at  A; 
now  turning  K^  to  B^  R^  is  adjusted  until  the  A  2  reading  is  dupli- 
cated. From  the  calibration  of  R^  the  effective  resistance  is 
obtained.  This  ftunishes  a  very  accurate  and  sensitive  means  for 
the  determination  of  effective  antenna  resistance.  By  varying  the 
grid  condenser  the  range  of  critical  sensitivity  may  be  set  at  any 


Pig.  3. — Sensitivity  cf  test  set  for  changes  in  the  resistance  of  the  oscillating  circuit 

resistance  value  desired.  Fig.  2  shows  the  effect  of  changing  the 
grid  condenser  setting,  giving  at  the  critical  range  a  change  of 
more  than  i  milliampere  for  o.i  ohm  change  in  resistance.  Thus 
if  the  resistance  be  first  found  approximately,  the  grid  condenser 
may  be  set  so  as  to  make  the  point  fall  at  a  sensitive  position. 

3.  THEORY 

Fig.  3  shows  typical  wave-length  capacity  and  wave-length 
resistance  curves.  At  longer  wave  lengths  the  effective  capacity 
becomes  as3anptotic  to  a  value  which  is  the  natural  or  true 
capacity  Q.    Therefore,  since  at  the  natural  wave  length  the 
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total  reactaxice  of  the  antenna  is  zero  (i.  e.,  for  an  infinitesimal 

applied  voltage  a  large  ciurent  flows  in  the  antenna) ,  -^  effective 

is  zero.  But  the  effective  capacitance  at  all  times  equals  the 
difference  between  the  natural  capacitance  and  natural  inductive 
reactance,  or 

-7^  effective  =  -7^ — LoCo 

and  Xo  =  27rV^oCo 

The  natural  wave  length  may  be  approximated  graphically  by 
noting  the  ordinate  to  which  either  the  resistance  or  effective 


Fig.  $,-— Constants  cf  a  typical  fixed  airplane  antenna 

capacity  curves  are  asymptotic;  or,  better  still,  since  at  wave 
lengths  above  the  fundamental  the  capacity  reactance  predomi- 
nates, by  plotting  an  effective  capacitance  wave-length  curve  as 
shown  in  C,  Fig.  3,  practically  a  straight  line  is  obtained.  This 
may  be  extended  to  intersect  the  wave-length  axis,  thus  giving 
the  nattural  wave  length.     Instead  of  the  effective  capacitance 

—pr  effective,-7T  effective  may  be  used  as  well,  since  not  actual  re- 

actance  values  but  only  the  intersection  of  the  line  with  the  axis 
is  desired. 

The  curve  shown  in  B,  Fig.  3,  gives  effective  antenna  resistance. 
This,  of  course,  is  the  resultant  of  several  components.    Fig.  4 
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shows  the  manner  in  which  the  components  might  be  expected 
theoretically  to  change  with  increasing  wave  length;  b  represents 
the  pm^  ohmic  resistance  due  to  the  metallic  conductors.  At 
long  wave  lengths  this  is  practically  a  constant,  but  increases 
slightly  at  short  wave  lengths  due  to  skin  effect,  shown  by  b^. 
If  R}  denotes  the  sum  of  the  direct-current  resistance  U,  plus  the 


Fig.  4. — Components  tf  antenna  resistance 

additional  resistance  due  to  skin  effect,  at  very  short  wave  lengths 
an  approximate  formula  for  the  variation  of  /?*  is 


R'^R 


But  as  X  increases,  the  approximate  formula  *  becomes 

i?«i?(l+g-^+....) 

Curve  c  represents  resistance  due  to  dielectric  loss.     In  this 
respect  an  antenna  like  a  condenser  has  a  phase  angle,  and  may 

s  Flemmg,  Frindples  of  Bkc  Wave  Tekgraphy.  p.  137. 
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be  considered  as  a  resistance  and  a  ptu-e  capacity  in  series,  the 
resistance  increasing  as  the  first  power  of  the  wave  length.  The 
location  of  the  dielectric  producing  the  loss  has  been  the  subject 
of  considerable  investigation.  Dr.  J.  M.  Miller  *  has  shown  that 
the  earth,  as  was  commonly  assumed,  is  rarely  the  cause,  but 
rather  dielectrics  in  the  proximity  of  the  antenna.  It  is  of  inter- 
est to  observe  that  this  efifect  was  not  noted  in  any  of  the  airplane 
meastu^ements  made. 

Curve  d  represents  any  eddy  ciurent  or  hysteresis  losses  that 
might  occtn*.  It  would  be  difficult  to  separate  these  from  the 
radiation  resistance,  but  they  are  perhaps  both  entirely  negligible. 
They  would  increase  approximately  with  the  frequency.  Curve  a 
represents  that  part  of  the  resistance  due  to  electromagnetic 
radiation.  It  is  this  factor  which  it  is  desirable  to  have  as  large 
as  possible.  By  considering  a  grounded  antenna  as  one-half  of  a 
Hertz  oscillator,  it  has  been  shown  that 

/?a  =  1601M  rr-  j  ohms  approximately. 

Where  h  is  the  length  of  wire,  X  the  wave  length  and  a  represents 
the  form  factor  or  approximately* the  ratio  of  the  average  current 
along  the  antenna  length  to  the  value  at  the  base.     For  an  antenna 

oscillating  at  its  natural  wave  length  this  has  the  value  -,  but  for 

a  loaded  antenna  as  is  common  in  practice  the  current  distribution 

curve  is  practically  a  straight  line  and  a =-.    Then  for  an  airplane 

antenna  ot  length,  say,  200  feet,  transmitting  at  a  wave  length  of 
400  meters,  /?»  =  6  ohms  approximately,  and  at  1000  meters 
/?a  =  I  ohm  approximately. 

4.  RESULTS 

• 

(a)  Fixed  Antennas. — Measturements  were  made  upon  fixed 
antennas  over  a  range  in  wave  length  from  60  to  160  meters.  In 
all  cases  the  airplane  wires  bonded  together  were  used  as  grotmd. 

Fig.  5  shows  some  of  the  arrangements  of  wires  measinred. 
Most  of  these  were  first  measured  close  to  the  plane,  then  raised 
on  2-foot  and  then  4-foot  masts.  The  change  from  close  to  plane 
to  2 -foot  mast  produced  a  much  larger  decrease  in  natural  capacity 
than  the  change  from  2  to  4  foot  masts.    The  raise  in  height, 

*  Bur.  of  SUadarda  Scientific  Paper  No.  396. 
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however,  is  accompamed  by  an  increase  in  radiation  resistance. 
Typical  wave-length  capacity  and  wave-length  resistance  exudes 
of  the  fixed  antennas  are  shown  in  Fi^^.  3.    This  is  for  an  antenna 


FoijrFtMast 


AH  Four  rt 


fiasis 


F 


Fio.  5. — Types  offix§d  airplane  antennas 

of  the  form  D  shown  in  Fig.  5  raised  on  masts  2  feet  high.  The 
height  of  mast  used  is  determined  by  the  maximum  wind  resistance 
allowable,  as  weU  as  by  the  electrical  characteristics.    Antenna 

116658**— 19 2 
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form  Z7,   Fig.  3,  is  about  eqtiivalent  in  characteristics  to  a  single 
45-foot  trailing  wire  except  that  it  is  not  so  directional  in  trans- 


Fio.  6. — Summary  of  the  constants  for  various  lengths  of  single-wire  antennas 

mitting.  Using  this  antenna  and  a  single  tube  oscillator,  voice 
signals  have  been  heard  at  a  distance  of  15  miles  from  plane  to 
grotmd,  using  a  three-tube  receiver. 
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(6)  Trailing  Antennas. — ^Measurem^its  were  made  upon  trail- 
ing wires  over  a  wave-length  range  from  100  to  600  meters.  The 
single-wire  antenna  was  attached  by  an  instUator  and  40-inch 


Fxo.  y.-^Summary  ef  the  constants  for  various  lengths  of  two-wire  antennas 

String  to  the  inside  strut  of  the  plane.  The  position  of  the  lead 
in  wire  is  quite  an  important  factor  in  determining  the  total 
capacity  of  the  antenna  and  should  be  kept  as  far  as  possible  from 
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the  wire  network  of  the  machine.  Various  lengths  of  wire  were 
thus  used,  and  in  Fig.  6  the  results  are  sununarized  by  plotting 
capacity  length  of  wire  and  resistance  length  of  wire  curves  at 


F1G9  S.-^Summary  of  the  constants  for  various  lengths  of  four-wire  antennas 

various  wave  lengths.  Thus  the  characteristics  for  any  wire 
length  may  be  obtained  by  taking  the  ordinates  of  the  various 
wave-length  ctnrves  at  that  abscissa.    Fig.  7  shows  a  like  sum- 
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mary  for  a  two-wire  antenna  attached  as  shown  in  the  figure, 
using  the  wires  in  parallel  against  airplane  wires  as  ground. 
Data  were  also  obtained  using  one  wire  as  the  grotind  and  the 


FtG.  9 — Comparison  of  the  constants  of  a  joo-fooi  trailing  antenna  of  one,  two,  and 

four  wires 

Other  as  antenna.  The  capacity  in  this  case  is  very  greatly  re- 
duced, and  the  radiation  resistance  is  also  less.  Fig.  8  shows  a 
summary  of  a  four-wire  antenna,  using  machine  as  ground.    This 


2IO  Scientific  Papers  of  the  Bureau  of  Standards  [va.  is 

antenna  has  a  very  large  capacity,  as  would  be  expected.  Fig  9 
shows  a  comparison  of  the  characteristics  of  a  100-foot  single, 
two,  and  four  wire  antenna.  The  resistance  could  in  no  case  be 
observed  to  increase  at  longer  wave  lengths  due  to  dielectric 
losses. 

The  effect  of  the  same  antenna  on  different  planes  was  also 
tried.  Fig.  10  shows  a  typical  trailing  wire  antenna  on  A^  a 
DeHaviland  plane,  ^4,  a  Curtiss  training  plane.  At  a  Ctutiss  plane 
with  a  fine  network  of  wires  in  wings  placed  there  to  improve  the 


Fig.  10. — A  comparison  of  the  constants  cf  the  same  antenna  on  different  types  cf  airplanes 

plane  for  radio  purposes.  While  the  capacity  of  Ai  was  larger 
than  A  2,  its  radiation  resistance  appeared  less  and  results  in- 
dicated that  the  unmetallized  plane  should  actually  be  a  better 
transmitter  than  A^.  While  the  final  demonstration  of  this  was 
interrupted,  preliminary  results  with  actual  sets  in  use  seemed  to 
indicate  it. 

The  capacity  values  mentioned  herewith  are  perhaps  accurate 
to  within  10  micro-microfarads,  as  repeat  tests  did  not  differ  by 
this  amount.  The  resistance  values,  however,  may  be  in  error 
by  20  per  cent,  especially  at  the  longer  wave-length  values. 
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m.  DIKBCTIONAL  EFFECT 

In  order  to  determine  the  directional  transmitting  efiFect  of 
the  various  antennas,  a  receiving  set,  as  shown  in  Fig.  ii,  was 
connected  to  a  S3rmmetrical  vertical  wire  antenna.  The  receiv- 
ing set  consisted  of  a  detector  tube  with  grid  at  positive  potential 
and  a  three-stage  audio-amplifier  with  tubes  having  a  negative 
grid  potential.  In  the  plate  circuit  of  the  last  tube  was  placed 
the  primary  circuit  of  a  transformer -with  secondary  connected 
to  the  heater  of  a  thermocouple.  The  output  emf  of  the  thermo* 
couple  was  connected  to  a  sensitive  Paul  microammeter.    Then 


^ — ^  Aippliftaf- 


;2-SCff.72-Sefs\ 
ff)  3er/es 

/burS/a^es  of 
At. 


A 


^.s 


\-y 


i 


oooipk 


Flo.  iz. — Wiring  diagram  cf  receiving  set 

with  a  modulated  undamped  transmitter  the  plane  flew  over  a 
marked  distant  point  in  the  different  directions  of  the  compass. 
When  directly  over  the  point  the  operator  shut  off  the  trans- 
mitter, and  at  the  receiving  station  the  microammeter  reading 
just  before  dropping  to  zero  was  recorded.  * 

As  it  would  be  very  dilBBcult  to  compute  mathematically  the 
exact  relation  between  microammeter  reading  and  received 
energy,  since  it  would  necessitate  knowing  just  where  on  its 
characteristic  ciurve  each  tube  was  being  worked,  the  following 
test  was  made.  The  current  in  the  transmitting  antenna  was  set 
at  various  known  values,  as  Ii  and  /a,  and  the  corresponding 
micro-ammeter  readings,  Q  and  Cj  taken,  wave  length  and  direc- 
tion remaining  the  same ;  the  constants  should  remain  almost  the 
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same  if  the  amplitucle  of  the  incoming  wave  did  not  vary  greatly. 
Thus,  assmne — 

and, 

then 

log/, -log/. 


a  = 


log  Ci  -  log  C, 


This  means  then  that  if  the  microammeter  readings  axe  to  be 
proportional  to  transmitted  currents »  they  must  be  raised  to  the 
a  power,  or,  if  proportional  to  energy  to  the  2  a  power. 


Pio.  12. — Directional  effect  cf  a  two  trailing  wire  airplane  antenna 

Making  this  correction  in  the  data,  the  trailing  wire  antenna  is 
found  to  be  quite  directional,  giving  about  twice  the  radiation'  in 
the  direction  of  motion  that  it  does  in  the  reverse  direction,  as 
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shown  by  Fig.  12.  The  fixed  antennas  are  not  decidedly  direc- 
tional. 

The  directional  eflfect  is  probably  a  function  of  the  relation 
between  the  anteima  length  and  the  wave  length.  A  theoretical 
explanation  of  this  effect  is  quite  diflScult.  The  electrostatic 
component  of  the  electromagnetic  field  at  a  distance  r  from  a 
radiator  having  a  length  component  perpendicular  to  r  of  A  sin  a 
and  a  current  of  /g  is  * 

£1  =  2  T  V2  — ^^ —  ~  where  Vj  =  3  x  io*« 

and  the  magnetic  component  at  right  angles  and  in  the  same  phase 

- .  h  sin  al^ 

Mi=2  IT  — . = 

*  X       r 

From  these  equations  currents  parallel  with  the  antenna  wire 
should  have  no  effect  upon  the  energy  received  at  points  directly 
in  line  with  the  wire,  forward  or  backward.  This  energy  must, 
then,  be  due  to  radiation  from  perpendicular  currents.  It  may 
be,  however,  that  the  inclination  of  the  antenna  with  the  horizon- 
tal line  of  flight  presents  a  perpendicular  radiating  component  to 
a  point  forward,  which  would  be  less  or  entirely  lacking  to  a  point 
in  the  rear.  In  general,  any  explanation  of  the  directive  effect  of 
the  Marconi  bent  antenna  when  used  over  sea  water  would  apply 
to  the  airplane  antenna. 

This  opportimity  is  taken  to  express  thanks  to  A.  A.  Oswald,  of 
the  Western  Electric  Co.,  for  valuable  suggestions  given,  and  to 
those  officers  and  enlisted  men  of  the  Signal  Corps  by  whose 
authority  and  assistance  this  work  was  made  possible. 

Washington,  February  21,  191 9. 

*  J.  Zenneck.  Wireless  Telssraphy,  p.  js:  Feb.  ax.  19x9. 
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REFLECTING  POWER  OF  STELLITE  AND  LACQUERED 

SILVER 


By  W.  W.  Cobkatz  and  H.  Kahler 


I.  REFLECTIVITY  OF  STELLITE  ' 

In  a  previous  communication  ^  data  were  published  on  the  re- 
flecting power  of  stellite  which  is  reported  to  be  an  alloy  princi- 
pally of  chrotnimn,  cobalt,  and  molybdenum.^ 

The  apparatus  used  was  a  mirror  spectrometer,  fluorite  prism, 
aad  a  vacuum  thermopile  of  bismuth  silver,  as  described  in  previ- 
ous papers.  The  source  of  radiation  was  a  Nemst  glower.  The 
reflectivity  data  were  obtained  by  comparison  with  silver.  In 
order  to  deterxnine  the  absolute  reflecting  power,  the  observed 
data  were  corrected  for  absorption  by  the  silver  mirror. 

TABLE  l.^Raflecting  Power  of  Stellite 


Wavelength 

Reflectivity 

No.1 

No.  2 

ft 

a  45 

Percent 
62.0 

Percent 

64.0 

.so 

63.6 

6&0 

.55 

64.5 

69.5 

.60 

65.2 

71.0 

.65 

65.8 

72.2 

.70 

66l5 

72.5 

.80 

67.5 

73.0 

.90 

6&3 

73.5 

LOO 

68.9 

74.0 

1.20 

70.1 

74.5 

L40 

71.2 

7S0 

1.50 

7L9 

713 

1.75 

73.3 

76.0 

2.00 

74.7 

76.8 

2.50 

77.1 

7&6 

3.00 

79.2 

8ao 

3.50 

81.0 

81.4 

4.00 

82.5 

82.8 

The  sample  examined  (No.  i  in  Table  i)  was  plane,  quite  highly 
polished,  but  it  was  liot  of  uniform  homogeneity.  The  new  data 
presented  herewith  were  obtained  on  a  very  homogeneous,  highly 
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polished  plane  mirror  (sample  No.  2,  Table  i),  about  3  cm.  in 
diameter.  Its  optical  properties  differ  from  those  of  the  preceding 
sample  in  that  the  reflecting  power  is  considerably  higher  in  the 
blue  and  yellow  part  of  the  spectrum.  Beyond  3  fiin  the  infra-red 
the  reflecting  power  of  these  two  samples  is  practically  the  same. 
Evidently  the  reflecting  power  will  be  greatly  affected  by  the 
composition  of  the  alloy  and,  hence,  in  exact  work  where  stellite 
mirrors  are  used,  the  reflecting  power  of  new  samples  should  be 
determined.  However,  the  present  data  give  one  some  idea  of 
what  is  to  be  expected  in  comparing  the  reflecting  power  of  this 
material  with  that  of  other  metals  used  for  reflecting  mirrors. 

II.  REFLECTIVITY  OF  LACQUERED  MIRRORS 

Theoretically  a  lacquered  silver  mirror  should  reflect  almost  as 
much  light  as  does  an  unlacquered  surface.  In  practice,  however, 
the  reflecting  power  was  found  to  vary  greatly  with  the  homo- 
geneity of  the  lacquered  surface. 

For  making  these  tests,  various  water-white  silver  lacquers 
such  as  '*Albaline,''  "Zapon,'*  etc.,  were  diluted,  filtered,  and 
poured  upon  freshly  polished  silver-on-glass  mirrors.  The  excess 
material  was  allowed  to  drain  off  and  the  mirror  placed  in  a  level 
position  to  dry. 

A  newly  lacquered  silver  mirror  was  found  to  reflect  from  70  to 
75  per  cent  of  the  incident  yellow  light.  In  the  red  end  of  the 
spectrum  it  reflected  from  80  to  85  per  cent,  as  against  90  to  95 
per  cent  for  unlacquered  silver.  No  doubt  by  using  an  especially 
prepared  lacquer,  which  has  been  thoroughly  filtered  to  remove 
the  discrete  particles  of  nitrocellulose,  a  higher  reflecting  power 
can  be  obtained. 

In  the  near  infra-red  where  nitrocellulose  is  free  from  absorption 
bands  the  reflecting  power  increased  gradually  to  about  95  per 
cent,  but  beyond  3  m  the  reflectivity  <:urve  shows  deep  indentations 
owing  to  selective  absorption  of  the  lacquer. 

Effect  of  Ultra-Violet  Light. — Lacquered  silver  mirrors  can  not 
be  used  near  sources  of  ultra-violet  light  owing  to  photochemical 
action  which  occurs  in  the  lacquer.  As  a  result  the  silver  under 
the  lacquer  is  turned  brown  in  color,  following  exposure  to  a 
carbon  arc  or  a  quartz  mercury  vapor  lamp. 

For  example,  after  six  horn's'  exposure  at  a  distance  of  0.5  meter 
from  a  small  (15  amp.)  carbon  arc,  it  was  found  that  a  lacquered 
silver-on-glass  mirror  had  changed  to  a  brownish  color,  which 
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greatly  increased  the  absorption  in  the  violet.     This  is  well  illus- 
trated  in  the  last  column  of  Table  2. 

From  these  data  it  is  evident  that,  in  a  powerful  searchlight, 
such  a  lacquered  silver  mirror  would  be  injured  in  a  few  hours. 
A  bare  nickel-plated  glass  xnirror  would  be  just  as  efficient.  A 
gold-plated  mirror  would  be  more  satisfactory. 

TABLE  2.— Reflecting  Power  of  a   Lacquered    Silver  Mirror  Before  and  After 

Bzposiire  to  Xntra-Violet  Light 


Wave  leoffh  in 
^-•0.001  mm 

HaflectMCj 

Beiora  npotOTO 

AflsT  8ipo§isro 

1* 

ass 

.60 

.65 

.70 

.75 

LOO 

L2S 

1.50 

2.00 

Pwcoit 
68.6 

Tas 

77.0 
79.8 
8t9 
87.8 
9a8 
83.2 
910 

Pot  omt 
62.0 

68.7 

718 

77.5 

8a5 

•  ■  ■  • 

•  •  •  * 

•  «  ■  • 
■  ■  ■  • 

m.  SUMMARY 

The  object  of  the  present  paper  is  to  give  data  on  the  reflecting 
power  of  the  latest  production  of  stellite  and  also  of  lacquered 
silver  mirrors.  It  is  shown  that  the  reflectivity  of  stellite  varies 
somewhat  in  the  visible  spectrum  depending  upon  the  homo- 
geneity and  no  doubt  upon  the  exact  composition  of  the  alloy. 

Data  are  given  on  the  reflecting  power  of  lacquered  silver 
mirrors,  before  and  after  exposure  to  ultra-violet  light.  It  is 
shown  that  owing  to  photochemical  action  in  the  lacquer  the 
silver  is  turned  brown  in  color,  thus  reducting  its  reflecting  power. 

Washington,  April  4,  191 9. 
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L  INTRODUCTION 

One  of  the  practical  applications  of  magnetic  analysis  consists 
of  the  detection  of  flaws  in  bar  stock  used  in  the  manufacture  of 
steel  products.  At  the  request  of  the  Ordnance  Department  of 
the  Army  and  the  Wmchester  Repeating  Arms  Co.,  an  investiga- 
tion was  undertaken  during  the  war  with  the  end  in  view  of  apply- 
ing this  method  of  magnetic  analysis  to  the  testing  of  rifle-barrel 
steel. 

In  view  of  the  fact  that  flaws,  generally  consisting  of  pipes  or 
slag  inclusions,  interfere  with  the  drilling  of  the  barrels  or  may 
possibly  affect  their  strength,  it  was  considered  that  a  nonde- 
structive test  which  would  detect  and  locate  such  flaws  before 
furtiier  work  had  been  done  on  the  barrels  would  prove  to  be  of 
great  value.  Such  a  method  of  inspection  would  make  possible 
not  only  the  rejection  of  faulty  material,  but  also  the  acceptance 
of  all  the  satisfactory  bars  in  a  given  shipment  and  thus  effect  a 
great  saving  both  of  toaterial  and  labor.  It  is  the  object  of  this 
paper  to  describe  the  apparatus  used  in  the  investigation  and  to 
present  the  results  thus  far  obtained. 

n.  THEORY 

The  method  employed  was  that  of  the  determination  of  the 
degree  of  magnetic  uniformity  along  the  length  of  the  bars,  based 
upon  the  tiieory  that  if  a  bar  is  uniform  magnetically  along  its 
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length,  it  is  also  uniform  mechanically.  A  number  of  barrel 
forgings  were  first  tested  by  a  point-by-point  method  originally 
used  for  the  examination  of  bars  intended  for  magnetic  standards 
and  which  has  already  been  described.*  Fig.  i  shows  a  specimen 
curve  obtained  by  this  method,  and  Fig.  2  is  4  photograph  showing 
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Fig.  I. — Magnetic  uniformity  curve.    Piped  sample 

the  flaW  which  was  indicated  by  this  curve.  Since  this  method 
is  not  adapted  to  the  examination  of  very  long  bars,  and  is  too  time- 
consuming  for  a  commercial  test,  it  was  decided  to  use  a  somewhat 
different  method,  substantially  similar  to  that  used  by  Burrows  * 
for  the  examination  of  steel  rails.    In  this  method  the  magnetizing 

^  Sanfoid,  The  DctennmafinB  of  the  Degree  of  Uniformity  of  Ban  for  Magnetic  Standards.  Btucau  of 
Standards  Scientific  Papers  No.  »95- 

*  Burrows,  Correhition  of  the  Magnetic  and  Mechanical  Properties  of  Steel.  Bureau  of  Standards  Sdc&- 
tific  Papers  No.  97a.  p.  903. 
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Fic.  1. — Photograph  of  ike  flaw  indicated  in  the  curvt  of  Fig.  I 
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forct  is  applied  by  means  of  a  solenoid  which  surrounds  the  bar 
and  travels  along  its  length.  Mounted  withm  this  magnetizing 
solenoid  is  a  test  coil  by  means  of  which  variations  in  magnetic 
flux  within  the  bar  can  be  measured.  If  the  bar  is  magnetically 
uniform  along  its  length  its  permeability  is  constant  for  a  given 
magnetizing  force  and  the  magnetic  flux  at  each  point  as  the 
solenoid  is  moving  along  is  constant.  If  this  is  the  case,  there 
will  be  no  electromotive  force  induced  in  the  test  coil  as  the  solenoid 
travels  the  length  of  the  bar.  If,  on  the  other  hand,  the  permea* 
bility  is  not  constant,  the  flux  will  vary  and  a  corresponding 
electromotive  force  will  be  induced  in  the  test  coil  which,  if  the 
coils  are  moved  at  a  constant  speed  along  the  bar,  is  proportional 
to  the  change  in  flux.  If,  instead  of  using  a  single  test  coil  in  the 
manner  just  described,  we  use  two  test  coils  connected  in  series 
opposition  we  obtain  a  result  that  is  practically  not  affected  by 
slight  variations  in  the  magnetizing  current  during  a  run,  as  any 
variations  in  flux  linked  with  one  coil  is  neutralized  by  correspond- 
ing changes  in  the  other. 

m.  DESCRIPTION  OF  APPARATUS  AND  PROCBDURB 

Fig.  3  is  a  photograph  of  the  apparatus  as  set  up  at  the  Bureau 
of  Standards  for  preliminary  experiments  before  it  was  taken  to 
the  Winchester  plant  at  New  Haven  for  test  under  factory  con- 
ditions. The  bar  to  be  examined  is  clamped  at  the  centers  of  two 
triangular  end  plates  of  cast  iron.  These  end  plates  are  sup- 
ported by  three  wrought-iron  pipes  which  also  constitute  the 
return  circuit  for  the  magnetic  flux  induced  in  the  test  bar.  The 
magnetizing  solenoid,  which  is  shown  in  more  detail  in  Fig.  4, 
is  supported  between  the  pipes  by  means  of  cords  running  over 
ptdleys  and  carrying  counterweights  which  hang  inside  the  sup- 
porting pipes.  One  of  these  cords  is  continuous  and  runs  over  a 
drum  mounted  on  the  shaft  of  a  small  electric  motor.  By  means 
of  this  arrangement  the  coils  can  be  run  up  and  down  along  the 
length  of  the  bar.  Magnetizing  current  is  supplied  to  the  solenoid 
by  means  of  a  storage  battery  and  regulated  by  means  of  sliding 
rheostats.  The  guiding  rollers  shown  in  Fig.  4  were  later  arranged 
to  bear  on  the  test  bar  instead  of  on  the  iron  pipes,  as  it  was 
found  that  many  of  the  bars  were  not  straight.  The  test  coils 
are  mounted  on  a  separate  tube  and  their  position  is  adjustable. 
These  test  coils  have  500  ttuns  each,  and  are  connected  through 
suitable  resistances  to  the  galvanometer  shown  at  the  right  of  the 
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apparatus  in  the  photograph.  Deflections  of  the  gatvanometer 
are  obser\¥d  by  means  of  a  spot  of  light  reflected  from  its  mirror 
onto  a  ground-glass  scale.  Permanent  records  of  these  deflec- 
tions are  made  by  means  of  a  photographic  arrangement  which 
consists  of  a  long  light-tight  box' upon  one  end  of  which  is  momited 
an  ordinary  oscillograph  drum  which  carries  the  photographic 
film.  This  drum  is  rotated  at  the  proper  speed  by  means  of  a 
belt  connected  to  the  driving  motor  of  the  apparatus.  By  means 
of  contacts  located  at  i-foot  intervals  on  the  driving  cord,  a  light 
is  flashed  inside  the  box  which  makes  a  record  on  the  film  for  each 
foot  of  travel,  and  thus  affords  a  means  for  locating  the  position 
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Pit).  5. — Diagram  tftUetrical  connectiont 

on  the  bar  of  any  observed  nonunifonnity.     A  diagram  of  the 
electrical  connections  is  given  in  Fig.  5. 

When  a  photographic  record  indicating  the  magnetic  uniformity 
of  a  bar  is  to  be  made,  the  procedure  is  as  follows:  The  bar  is 
clamped  in  the  apparatus,  the  galvanometer  circuit  is  then  closed, 
and  the  drum  carrying  the  photographic  film  is  given  one  com- 
plete revolution.  The  spot  of  Ught  reflected  from  the  galvanome- 
ter mirror  thereby  traces  a  straight  line  which  serves  as  the  refer- 
ence axis.  The  switch  M  is  then  closed  and  the  magnetizing 
current  is  adjusted  to  the  proper  value  by  means  of  the  regulating 
rheostat  R.  With  the  galvanometer  connected  either  to  the  single 
test  coil  or  the  differential  coils  as  desired,  the  driving  motor  is 


Scientific  Papen 


Fig.  4. — Magneliting  solenoid  and  test  (oiU 
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then  started  and  the  coil  is  nm  the  length  of  the  specimen  with 
the  film  holder  rotating  at  a  miiform  speed.  Most  of  the  records 
have  been  made  by  rmming  the  coils  in  one  direction  with  the 
galvanometer  connected  to  the  single  test  coil,  and  in  the  other 
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direction  with  the  galvanometer  connected  to  the  differential  coils. 
Fig.  6  shows  a  record  taken  by  the  use  of  the  single  coil,  and 
Fig.  7  shows  the  corresponding  record  taken  with  the  differential 
coUs.  A  rectangle  is  drawn  on  each  of  these  records  to  show  the 
position  and  extent  of  a  strip  of  transformer  iron  which  was 
attached  to  the  bar  in  order  to  give  the  effect  of  a  flaw. 


5  4^3 

FtG.  j.^Recofdwiihdijg^mtUiai  test  coil 


IV.   PRELIMINARY  STUDY  AND  ADJUSTMENT 

After  the  apparatus  was  completed  and  set  up  in  the  laboratory, 
it  was  necessary  to  consider  a  number  of  points  in  connection  with 
its  operation  and  to  decide  upon  the  proper  adjustment  of  the  test 
coils.  The  points  to  be  considered  included  the  proper  flux 
density,  5,  in  the  specimen,  the  proper  speed  for  the  moving  coils, 
the  period  of  the  galvanometer  and,  as  just  mentioned,  the  best 
location  of  the  test  coils.     As  a  residt  of  observations  taken  under  a 
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great  variety  of  conditions,  it  was  fotmd  that  a  fltix  density  of 
approximately  15  000  gausses  gives  the  best  results.  The  speed 
of  travel  finally  adopted  was  approximately  }4  foot  per  second. 
It  is  necessary  in  order  to  insure  that  the  record  gives  a  true  indi- 
cation of  the  conditio;DL  of  the  specimens  that  the  galvanometer 
have  a  fairly  short  period.  If  the  period  is  too  long,  the  galvanome- 
ter does  not  follow  closely  the  changes  in  the  induced  electromotive 
force.  A  period  of  approximately  one  second  was  fotmd  to  be 
satisfactory.  The  photograph  of  tibe  test  coils  shows  only  two  coils 
in  position.    For  convenience,  however,  a  third  coil  was  made, 
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FlO.  8. — Dimensians  of  added  strips 

and  the  differential  coils  were  located  10  cm.  apart  and  equidistant 
from  the  single  coil  which  was  located  at  the  middle  of  the  mag- 
netizing solenoid.  With  this  S3rmmetrical  arrangement,  records 
could  be  duplicated  by  running  the  coils  in  either  direction. 

A  preliminary  exploration  to  determine  the  flux  distribution 
along  the  specimen  for  different  positions  of  the  magnetizing 
solenoid  was  made  by  a  point-by-point  method,  using  the  single 
test  coil  connected  to  a  ballistic  galvanometer.  Readings  were 
taken  upon  reversal  of  the  magnetizing  ciurent.  The  result  of 
this  exploration  showed  that,  for  a  given  magnetizing  cturent,  the 
flux  is  constant  at  different  points  along  a  imif orm  bar  except  for 
the  regions  very  near  the  ends. 
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In  order  to  study  the  effect  of  flaws  varying  in  extent  and  kind, 
a  number  of  records  were  nmde  on  a  bar  previously  found  to  be 
uniform,  to  which  were  attached  strips  of  transformer  steel  of 
various  shapes  and  sizes.  This  procedure  was  necessary,  because 
of  the  difiSculty  of  producing  longitudinal  flaws  by  artificial  means. 
Fig.  8  shows  the  shapes  and  dimensions  of  the  strips  thus  used. 
Pigs.  9  to  12,  inclusive,  are  records  obtained  in  this  way.  The 
location  and  shape  of  the  added  strip  is  indicated  in  each  case 
upon  the  record.  The  figures  show  records  taken  both  by  means 
of  the  single  test  coil  and  by  means  of  the  differential  coils.  Pigs. 
13  and  14  show  the  effect  of  various  treatments  on  a  bar  originally 
uniform.  The  treatments  given,  and  the  locations,  are  indicated 
in  the  figures.  It  was  at  first  feared  that,  due  to  the  sensitiveness' 
of  the  method,  spurious  indications  would  be  obtained  for  bars 
which  had  been  slightly  bent  during  shipment  and  handling  at  the 
factory.  The  result  of  this  last  test,  however,  indicates  that  such 
is  not  the  case. 

After  the  preliminary  experiments  just  described,  the  apparatus 
was  shipped  to  the  plant  of  the  Winchester  Repeating  Arms  Co., 
at  New  Haven,  and  there  set  up  for  final  trial. 

V.  EXPERIMENTAL  RESXTLTS 

The  greatest  difficulty  in  this  line  of  investigation  lies  in  the 
interpretation  of  the  r^ults.  This  is  due  to  the  fact  that  there 
are  many  causes  which  may  produce  magnetic  inhomogeneity 
and  it  is  difficult  to  differentiate  between  them.  The  work  at 
New  Haven  was  done  with  the  end  in  view  of  obtaining  data  which 
wouM  establish  the  amount  of  variation  and  the  type  of  curve 
which  accompanies  a  pipe.  The  procedure  was  to  make  records 
of  bars  which  in  a  preliminary  test  showed  large  variations. 
These  bars  were  chosen  from  lots  of  steel  which  had  previously 
been  rejected  as  the  result  of  tests  in  the  drilling  shop.  It  is  an 
interesting  fact  that  even  though  this  lot  of  steel  had  previously 
been  rejected  on  accotmt  of  pipes,  not  a  single  pipe  was  discovered 
in  the  drilling  tests  on  samples  for  which  records  of  the  magnetic 
uniformity  had  been  obtained.  This  is  true  of  all  the  steel 
examined  up  to  March  31,  1919. 

Pigs.  15  and  16  show  records  of  the  degree  of  magnetic  homo- 
geneity of  foxu:  bars  of  steel.  These  records  were  made  with 
the  differential  test  coils  and  with  a  fairly  low  sensitivity  of  the 
galvanometer.    The  portions  of  these  bars  from  which  barrel 
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lengths  were  cut  are  indicated  in  the  figure.  Barrels  A,  B,  C, 
and  D,  cut  from  bars  i  and  9  and  those  cut  from  the  entire  length 
of  bars  2  and  4  were  sent  to  the  shop  for  drilling  tests.  Barrels 
B  and  D  gave  trouble  in  drilling  and  each  destroyed  the  edge  of 
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a  drill,  thus  necessitating  the  use  of  a  new  drill  to  finish  the  bote. 
None  of  the  other  barrels  gave  trouble  and  the  inside  surfaces  of 
all  were  smooth  and  bright.  In  view  of  the  fact  that  additional 
data  are  necessary  in  order  to  draw  satisfactory  conclusions^  the 
Winchester  Repeating  Arms  Co.  is  continuing  the  investigation. 
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VI.  SUMMART 

This  paper  describes  an  investigation  which  was  undertaken 
for  the  purpose  of  determining  whether  an  application  of  magnetic 
analysis  was  practicable  for  the  detection  of  flaws  in  rifle-barrel 
steel.  By  means  of  apparatus  especially  constructed  for  the 
purpose  a  large  number  of  bars  were  explored  for  magnetic  uni- 
formity along  their  length.  In  spite  of  the  fact  that  these  bars 
were  taken  from  material  which  had  previously  been  rejected  as 
the  result  of  drilling  tests,  not  one  was  found  which  contained  a 
pipe.    The  results  obtained,   however,   demonstrated  that  the 
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method  is  amply  sensitive  to  detect  and  locate  flaws.  Further 
study  is  necessary  to  determine  to  what  degree  the  sensitivity  of 
the  apparatus  should  be  reduced  in  order  not  to  cause  the  rejection 
of  material  which  is  satisfactory  for  all  practical  purposes,  and 
also  to  determine  the  type  and  magnitude  of  the  effect  which  will 
be  produced  by  a  pipe.  For  this  reason  the  work  is  being  con- 
tinued by  the  Winchester  Repeating  Arms  Co.,  who  cooperated  in 
the  investigation  and  at  whose  plant  the  apparatus  has  been 
installed. 

The  authors  wish  to  take  this  opportunity  to  acknowledge 
their  indebtedness  to  J.  S.  Gravely,  M.  F.  Fischer,  and  J.  S. 
Becker  for  their  valuable  assistance  in  carrying  out  this  investi- 
gation. 

Washington,  April  14,  1919. 
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I.  INTRODUCTORT  STATEMENT 

The  preceding  paper  ^  on  this  subject  dealt  with  the  spectral 
photoelectic  sensitivity  of  molybdenite,  under  various  conditions 
of  operation,  such  as  change  in  intensity  of  irradiation,  change  in 
temperature,  etc.  The  present  paper  gives  data  of  a  similar 
investigation  of  various  minerals,  some  of  which  had  previously 
been  tested'  for  photoelectrical  sensitivity  using  heterogeneous 
thermal  radiations.  Further  investigations  should  include  a  more 
detailed  examination  of  some  of  the  phenomena  described  in  these 
foregoing  papers. 

As  is  well  known,  some  substances  exhibit  Ituninescence  only 
at  low  temperatures.  It  was,  therefore,  of  interest  to  determine 
whether,  similarly,  some  substances  (for  example,  electrically 
conducting  sulphides)  might  exhibit  the  phenomenon  of  photo- 

>  This  BttlleCin,  16,  p.  xao:  19x9.  '  This  Bulletin,  14,  p.  591:  z9xS. 
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electrical  sensitivity  at  low  temperattires.  In  the  preceding 
investigation  of  molybdenite,  samples,  which  were  quite  insensitive 
photoelectrically  at  room  temperatures,  became  fairly  sensitive 
when  cooled  to  low  temperatures. 

n.  APPARATUS  AND  METHODS 

The  spectroradiometric  apparatus  was  essentially  the  same  as 
that  used  in  a  similar  investigation  of  the  photoelectrical  sensi- 
tivity of  molybdenite  to  which  reference  should  be  made  for  a 
description  of  the  general  experimental  procedure.'  Several 
minor  changes  in  experimentation  had  to  be  introduced  in  view 
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Fig  .  I . — A  rrangetnent  of  electrical  connections 

of  the  low  electrical  resistance  and  the  low  photoelectrical  sensi- 
tivity of  the  material  examined. 

In  order  to  balance  the  large  dark  cturent  which  obtained  in 
these  minerals,  at  room  temperature,  current  from  an  auxiliary 
battery  was  passed  in  the  opposite  direction  through  the  galvan- 
ometer, G,  as  shown  in  Fig.  i .  The  preliminary  electrical  adjust- 
ments were  made  by  using  a  d'Arsonval  galvanometer,  which  was 
then  replaced  by  an  ironclad  Thomson  galvanometer.*  This  was 
necessary  in  order  to  be  able  to  measure  the  small  photoelectric 
currents  induced  in  most  of  the  crystals.  This  appears  to  be  the 
first  time  that  a  sensitive  Thomson  galvanometer  has  been  used 
in  this  type  of  photoelectric  work.  Usually  the  photoelectric 
ciurents  were  sufficiently  large  so  that  a  resistance  of  lo  ooo  to 
20  ooo  ohms  was  kept  in  series  with  the  galvanometer. 


*  This  Bulktili,  16.  p.  xao.  Fig.  a:  19x9. 


*  This  BuUetin,  IS.  p.  423:  Z9x6. 
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At  low  temperatures  the  dark  current  through  the  sample  under 
examination  was  usually  so  low  that  it  was  unnecessary  to  balance 
its  ejBFect  by  means  of  the  auxiliary  battery. 

The  material  examined  was  (i)  the  natural  crystalline  mineral, 
Acanthite,  and  (2)  a  laboratory  preparation,  made  by  G.  W.  Vinal*, 
and  hammered  into  a  thin  (0.05  mm)  homogeneous  flexible  strip. 
This  is  sample  No.  IV  in  the  present  investigation.  The  crystalline 
material,  Acanthite,  Ag^S  was  obtained  from  the  United  States 
National  Museum.  Samples  Nos.  I  and  II  came  from  Freiberg, 
Saxony.  Samples  Nos.  Ill  and  V  (U.  S.  Nat.  Mus.  No.  85162) 
came  from  Zastecas,  Mexico.  Their  dimensions  ranged  from 
12  to  18  mm  in  length  and  from  2  to  4  mm  in  width.  Their  ends 
were  filed  flat  and  clamped  securely  between  copper  washers  by 
means  of  small  brass  screws.  This  provided  excellent  electrodes. 
This  combination  was  then  moimted  securely  upon  a  fiber  block 
and  the  crystal  was  covered  with  cardboard  with  a  slit  cut  into  it 
to  admit  radiation  upon  a  certain  part  of  the  sample  tmder 
examination. 

In  the  first  tests  the  copper  lead  wires  were  attached  by  heating 
the  wires  to  their  melting  point,  and  then  touching  them  to  the 
acanthite  crystal.  'This  made  a  good  jimctiure,  which,  however, 
deteriorated  very  rapidly  after  passing  electric  current  for  a  short 
time.  This  did  not  have  any  effect  upon  the  spectral  photoelectric 
sensitivity  curve,  as  found  by  actual  observation;  but  the  method 
had  to  be  abandoned  because  of  the  gradual  increase  in  resist- 
ance as  a  result  of  electrolytic  action  at  the  juncture.  In  one 
case  this  difficulty  did  not  manifest  itself  until  the  following  day, 
although  the  crystal  had  not  been  attached  to  the  battery  for 
more  than  a  half  hour  on  the  preceding  day. 

The  preliminary  observations  were  always  extended  to  about 
3m-  However,  none  of  the  substances  examined  were  photo- 
electrically  sensitive  beyond  2/*.  Because  of  the  low  intrinsic 
photoelectrical  sensitivity  of  silver  sulphide,  the  intensity  of  the 
radiation  stimulus  used  throughout  this  investigation  was  nine 
times  that  used  in  the  investigation  of  molybdenite.  At  this 
intensity  the  equal  energy  spectrum — ^that  is,  the  photoelectrical 
observations — ^began  at  0.75M  (see  Fig.  6,  £  =  9).  But  tests 
made  with  the  intensity  E»i,  which  was  used  on  molybdenite, 
showed  that  the  spectral  photoelectric  sensitivity  of  silver  sulphide 
is  much  less  in  the  yellow  than  in  the  red,  and  in  succeeding  parts 
of  the  spectrum. 

»  Vinal,  this  Bulletia,  14,  p.  331:  19x7. 
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TSL  PHOTOELECTRICAL  SENSITIVITT  OF  SILVER  SULPHIDE 

In  the  beginning  of  this  investigation  it  was  observed  that 
silver  sulphide  had  unusual  properties  not  possessed  by  ihe  sub- 
stances previously  examined.  It  was  observed  that  the  maxi- 
mum galvanometer  deflection  was  attained  in  a  few  seconds, 
after  which  the  photoelectrical  activity  decreased  to  perhaps 
only  one-fourth  its  original  effect.  There  seemed  to  be  a  large 
"fatigue,"'  though  previous  writers  have  not  described  the 
phenomenon  very  clearly,  if  at  all. 

Aside  from  this  "fatigue,"  considerable  difficulty  was  experi- 
enced in  making  observations  at  room  temperature.    After  a 


2.       3      4—  s       a       /O      /A      /4f      /^     /8  MJM 

Fig.  2. — Decrease  in  polariaation  current  with  time 

short  time  the  galvanometer  would  become  very  unsteady, 
though  on  reversing  the  current  through  the  crystal  this  unsteadi- 
ness would  sometimes  be  eliminated  for  a  short  time.  Evidently 
electrolytic  action  was  present  and  one  of  the  first  tests  made  was 
on  the  electrolytic  action  induced  in  the  crystal. 

In  order  to  reduce  this  unsteadiness  it  was,  therefore,  necessary 
to  pass  current  through  the  crystal  only  when  making  observations. 
In  order  to  diminish  the  effect  of  fatigue  the  maximtmi  throw  of 
the  galvanometer,  which  was  attained  in  about  three  seconds,  was 
observed. 

1.  BLBCTRICAL  POLARIZATION  TESTS 

The  electrol3rtic  polarization  voltage  developed  in  the  crystal 
was  tested  very  simply  by  means  of  the  Thomson  galvanometer 
having  a  single  swing  of  about  2.5  seconds.     By  means  of  a  double- 

*  Cue,  PhyB.  Rev.  (a),  9,  ix  305,  xgxr.  mentions  a  large  fatigue. 
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throw  switch,  the  crystal  was  connected  for  a  short  time  (two 
seconds  to  three  minutes)  with  a  2-volt  storage  battery,  then 
quickly  joined  to  the  galvanometer.  This  would  produce  a  large 
deflection,  which  would  gradually  return  to  the  zero  reading.  As 
shown  in  Fig.  2,  passing  cturent  through  the  crystal  for  two 
seconds,  and  then  connecting  to  the  galvanometer,  wotild  produce 
a  deflection  of  *2  cm,  while  passing  the  current  for  three  minutes 
would  produce  a  deflection  of  about  12  cm.  In  other  words,  as 
shown  in  Fig.  3  (which  gives  the  maximum  deflection,  from  Fig. 
2)  the  polarization  voltage  increases  very  rapidly  during  the 
first  few  seconds,  then  gradually  assumes  a  constant  value. 

Observations  were  made  of  the  polarization  produced  when  the 
crystal  was  kept  in  the  dark  (Fig.  2,  dots,  •  •  •)  and  when  it 
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Fio.  3. — Rise  of  polaritation  voltage  wiik  time 


7MIM. 


was  illuminated  (Fig.  2,  crosses,  XXX).  The  results  show 
that  with  this  rather  crude  method  of  observation  no  marked 
difference  was  observed  in  the  polarization  current. 

2.  TRANSMISSION  MEASUREMENTS 

In  view  of  the  interest  in  the  question  whether  there  is  any 
connection  between  absorption  and  photoelectrical  sensitivity, 
transmission  measurements  were  made  on  a  thin  sample  of  silver 
sulphide  prepared  by  Mr.  VinaL  The  sample  examined  was  a 
thin  flexible  plate  about  1 5  by  8  by  0.05  mm.  Several  examina- 
tions were  made,  the  final  test  being  made  with  the  plate  of  silver 
sulphide  placed  directly  over  the  spectrometer  slit.  The  examina- 
tion extended  from  o.6m  to  4/i.  Throughout  this  region  of  the 
spectrum  the  sample  appeared  to  be  entirely  opaque. 
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3.  VARUTION  OF  PHOTOELECTRIC  CURRENT  WITH  TIME  OF  EXPOSURE 

In  the  paper  on  molybdenite  it  was  shown  that  for  wave  lengths 
greater  than  0.75M  the  time  of  exposure  for  equilibritmi  varies 
from  30  seconds  to  several  minutes  and  that  the  time  for  recovery 
is  twice  the  exposure  time. 

At  room  temperature  silver  sulphide  behaves  in  an  entirely 
different  manner.  As  shown  in  ciu*ve  A ,  Fig.  4,  oti  exposing  the 
crystal  to  radiation,  the  maximum  galvanometer  deflection  is 
attained  in  3  to  5  seconds  after  which  the  photoelectric  current 
gradually  decreases,  so  that  after  15  minutes*  exposure  the  de- 
flection is  perhaps  only  one-seventh  its  maximtun  value.  If  the 
light  stimulus  is  then  removed,  the  galvanometer  gives  a  deflec- 
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Fio.  4. — Variation  of  photoelectric  current  wHk  time  of  exposure  at  room  temperature 

tion  in  the  opposite  direction  and  finally  rettuns  to  Mro.  It  was, 
therefore,  not  possible  to  subject  the  crystal  to  tmlimited  ex- 
posure (at  room  temperature)  as  was  done  with  molybdenite. 
The  system  of  observation  adopted  for  all  the  herein  recorded 
measiu-ements,  at  room  temperature,  was  to  expose  the  crystal 
for  about  5  seconds,  read  the  maximum  throw,  and  then  close 
the  shutter.  The  galvanometer  deflection  then  returned  to  its 
zero  position,  as  shown  in  curve  B  of  Fig.  4.  It  is  therefore  quite 
probable  that,  if  unlimited  exposure  could  have  been  used,  the 
sensitivity  maxima  would  occur  at  slightly  longer  wave  lengths 
than  here  recorded.  At  low  temperatures  this  electrolytic  action 
disappears,  and  the  time-response  curves,  as  shown  in  Fig.  5,  are 
somewhat  similar  to  those  observed  on  molybdenite  with  this 
difference,  that  the  time  for  recovery  is  the  same  as  the  time  of 
response. 
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4.  SFTBCT  OF  IRTENSnT  OF  RADUTION  UPON  ELECTRICAL 

CONDUCTIVITY 

The  effect  produced  upon  the  spectral  photoelectric  sensitivity 
of  silver  sulphide  (Acanthite,  sample  No.  I)  on  varying  the  in- 
tensity of  the  exciting  radiation  is  shown  in  Fig.  6.  Increasing 
the  intensity  nine  times  has  a  marked  e£Fect  in  increasing  the 
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Fig.  5. — Variation  of  photoelectric  current  in  silver  sulphide  with  time  of  exposure,  at  low 

temperatures 

photoelectrical  sensitivity  in  the  long  wave  lengths,  as  previously 
observed  in  molybdenite. 

In  Fig.  7,  a  series  of  isochromatic  curves  are  given,  showing  the 
effect  of  intensity  as  well  as  temperature  upon  the  photoelectric 
response.  At  — 158®  C.  the  effect  of  electrolytic  action  is  absent 
and  it  was  possible  to  expose  the  sample  to  radiation  until  photo- 
electric equiUbriiun  was  attained.  The  response  curves  for  wave 
lengths  X««  1.054 /i  ^^d  1.357  M^re  entirely  different  from  those 

120128^—19 — 2 
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obtained  at  room  temperature.  But  they  verify  the  observations 
at  room  temperature  showing  that  with  increasing  intensity  the 
photoelectrical  sensitivity  shifts  toward  the  long  wave  lengths* 
For  example,  the  ratio  of  galvanometer  deflections  at  X  =  i  .054  m, 
for  £  =  5  and  £-20  (square  root  of  the  ratio  of  these  intensities 
-2)  is  3  while  for  X«  1.357  /i  this  ratio  is  6.    Piuthermore,  the 
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Pig.  6. — Effect  of  intensity  of  energy  stimulus  upon  the  spectral  photoelectric  sensitivity 

of  acanihite 

much  discussed  '* square  root  law"  does  not  hold,  as  was  observed 
in  molybdenite. 

5.  PHOTOELECTRICAL   SBNSinVITT   OF   DIFFERENT   PARTS  OF    A 

CRYSTAL 

In  the  preceding  paper  it  was  shown  that  different  parts  of  a 
sample  of  molybdenite  exhibit  markedly  different  photoelectrical 
sensitivity  curves,  and  attention  was  called  to  the  possibility  of 
this  phenomenon  being  ascribable  to  the  presence  of  different 
kinds  of  sulphides  of  molybdenum. 

The  spectral  photoelectric  sensitivity  curve  of  acanthite 
(Ag,S)  at  room  temperature  is  not  unlike  that  of  selenium  except 
that  its  maximum  occurs  much  farther  in  the  infra-red ;  at  X  » i  .35  /a. 
There  is  a  region  of  high  sensitivity  at  0.6  /i  to  i  >i  (see  Fig.  6) 
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similar  to  the  high  sensitivity  of  selenium,  in  the  visible  spectrmn. 
The  sensitivity  in  this  region,  relative  to  that  at  the  maximmn, 
varies  somewhat  for  diflferent  parts  of  the  crystal,  but  it  is  not 
very  conspicuous  in  comparison  with  the  observations  on  molyb- 
denite. 

In  Fig,  8  curve  A  gives  the  photoelectrical  sensitivity  of  the 
front  (smooth)  side  of  sample  No.  I,  while  curve  B  illustrates  the 
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Pig.  7. — Effect  oj  intensity  of  energy  stimulus  upon  the  spectral  photoelectric  response  of 

acanthite 

sensitivity  of  the  opposite  side  of  this  crystal  which  side  was  rough 
and  uneven.  Similarly,  curves  A  and  J5,  Fig.  9,  illustrate  the 
spectral  photoelectric  sensitivity  respectively  of  the  front  and  rear 
side  of  sample  No.  II.  In  Fig.  10  curve  A  illustrates  the  photo- 
electrical sensitivity  of  the  smooth  (front)  side,  and  curve  B  the 
rear  (rough)  side  of  sample  No.  Ill,  which  came  from  Zastecas, 
Mexico.  Curve  il  in  Fig.  13  illustrates  the  sensitivity  of  a  similar 
sample,  No.  V.  With  the  exception  of  the  latter,  all  these  spectral 
photoelectrical  sensitivity  curves  are  very  similar,  considering 
the  fact  that  in  all  cases  the  observations  are  somewhat  affected 
by  the  electrolytic  action.  The  observations  at  low  temperattu"es 
confirm  these  data,  showing  a  marked  similarity  in  the  spectral 
photoelectric  sensitivity  ciuves  of  the  nattu-al  (unworked)  crystal 
of  acanthite. 
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Pig.  8. — Spectral  photoelectric  sensitivity  of  different  parts  of  a  crystal  of  acanihite 


Pig.  9. — Photoelectrical  sensitivity  of  different  parts  of  a  crystal  of  acanthite 
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«.  SFVBCT  OF  TEMPBRATURB  UPON  PHOTOSLECTRICAL  SBNSITIVITT 

As  already  meationed,  disturbances  from  electrolytic  action 
ceases  at  low  temperatures,  and  it  is  possible  to  obtain  spectral 
photoelectric  sensitivity  curves  for  unlimited  time  exposures. 

The  effect  of  lowering  the  temperature  to  —158®  C  is  to  pro- 
duce a  sharp  synunetrical  band  of  spectral  photoelectric  sen- 
sitivity with  a  single  maximum  at  1.2/i.  This  is  illustrated 
in  Figs.  II,  12,  and  13,  for  samples  Nos.  II,  III,  and  V.  The 
intrinsic  sensitivity  is  greatly  increased  at  low  temperatures, 
but  no  attempt  was  made  to  obtain  a  comparison  of  the  sensi- 
tivity at  these  two  temperatures  as  was  done  with  molybdenite. 


Fio.  10. — Photoelectfical  smuiHmty  cf  differtnt  parts  of  a  crystal  of  silver  sulphide  (aca>»- 

In  Fig.  II  the  deflections  for  —158®  C  were  four  times  the  scale 
indicated.  In  Figs.  12  and  13  the  observations  at  room  tem- 
peratures were  one-tenth  the  scale  indicated. 

It  is  of  interest  to  record  that  the  temperature  coeflScient  of 
resistance  of  silver  sulphide  is  high,  so  that  at  — 158°  C  the  ham- 
mered material  is  practically  an  insulator,  and  it  is  possible  to 
connect  a  sensitive  (i  —  3  X 10  —  *•  ampere)  Thomson  galvanometer 
directly  through  a  crystal  and  a  battery  of  several  volts.  For 
example,  sample  No.  IV  (Fig.  16),  which  had  a  resistance  of 
3  ohms  at  22®  C,  was  joined  directly  through  the  galvanometer 
and  2  volts,  causing  a  deflection  of  only  15  mm.  The  resistance 
was  increased  about  100  000  000  times  that  at  room  temperature. 
Similarly,  sample  No.  I,  after  rehammering,  was  joined  through 
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Pio.  13. — Effect  of  temperature  upon  tke  spectral  photoelectric  sensitivity  of  acanthite 
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19.6  volts  to  the  galvanometer,  causing  a  (dark  current)  deflec- 
tion of  only  1 7  mm.  In  other  words,  its  resistance  'was  several 
hundred  meg-ohms.  That  this  is  not  a  result  of  poor  contact  at 
the  electrodes  was  shown  by  increase  in  resistance  with  hammer- 
ing; that  is,  decrease  in  thickness  of  the  material. 

7.  EFFECT  OF  MECHAinCAL  WOREDrG  UPON  SPECTRAL  PHOTOELECTRIC 

SENSmVUT 

In  previous  communications^  attention  was  called  to  obser- 
vations on  a  change  in  spectral  photoelectric  sensitivity  as  a 
result  of  hammering  and  otherwise  mechanically  working  the 
crystal.    The  hammered  material  is  less  sensitive  photoelectri- 
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Pio.  13. — Effect  of  temperature  upon  the  photoelectric  sensitivity  of  acanthite 

cally  than  the  crystalline  material.  For  this  reason,  as  well  as 
diJB&culties  in  observing  at  room  temperature,  the  photoelectrical 
measurements  were  made  at  low  temperatures,  —158®  C. 
Through  an  oversight  the  sensitivity  of  sample  No.  I  was  not 
detennined  before  hammering.  However,  judging  from  the 
similarity  in  behavior  of  all  the  other  samples  (see  Figs.  11,  12, 
and  13),  it  is  not  unreasonable  to  suppose  that  the  maximum 
of  the  unhammered  sample  occurs  at  1.2/11.  After  subjecting 
this  crystal  to  hammering,  the  spectral  photoelectric  sensitivity 
curve  appears  complex  with  maxima  at  0.95^1  and  1.12^1,  as  illus- 
trated in  ciurve  -A,  Fig.  14.  On  further  hammering  the  crystal 
it  was  reduced  to  a  thin,  pliable,  noncrystalline  lamina  (about 
0.2  mm  in  thickness)  having  a  highly  metallic  luster.     As  shown 

'  This  Bulledn,  16,  p.  120;  Z9Z9.    Physical  Review  (a),  18,  p.  163;  xgtg. 
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in  curve  B,  Fig.  14,  the  sensitivity  curve  is  quite  symmetrical 
with  a  maximum  at  1.23/i,  which  is  somewhat  greater  thap  the 
maximum  1.20/i,  observed  in  the  crystalline  state  (see  Figs.  11, 
12,  and  13.) 

In  curve  A,  Fig.  15,  is  illustrated  the  sensitivity  curve  of 
sample  No.  Ill,  which  before  hammering  has  a  maximum  at 
1.19M.  After  hammering,  curve  jB,  the  maximum  sensitivity 
appears  slightly  shifted,  to  about  1.2^*.     This  sample  was  very 


Fig.  14. — Effect  of  mechanical  working  upon  the  photoelectrical  sensitivity  of  acantkHg 

brittle,  which  condition  did  not  permit  hammering  the  material 
into  a  pliable  noncrystalline  plate. 

In  Fig.  16  is  shown  the  spectral  photoelectric  sensitivity  curve 
of  a  laboratory  preparation  of  silver  sulphide  by  G.  W.  Vinal.» 
It  consisted  of  a  thin,  flexible,  noncrystalline  plate,  size  about 
15  by  3  by  0.05  mm. 

As  shown  in  the  lower  curve  of  Fig.  16,  at  25®  C,  this  material 
did  not  show  photoelectrical  sensitivity  for  the  spectral  radia- 
tion intensities  applied.  However,  for  these  same  intensities, 
applied  at  —158®  C,  the  intrinsic  sensitivity  is  high,  and  the 
spectral  photoelectric  sensitivity  curve  is  quite  symmetrical, 
with  a  maximum  at  i  .05^.  This  maximum  is  at  a  much  shortei* 
wave  length  than  observed  in  the  natural  mineral  acanthite. 

*  Vinal,  this  Bulletin,  14,  p.  331;  2917. 
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Prom  the  data  herewith  presented,  it  appears  that  the  spectral 
photoelectrical  sensitivity  curve  of  silver  sulphide  is  influenced 
by  the  physical  condition  of  the  mineral.  It  appears  profitable 
to  continue  this  investigation  of  the  nattiral  mineral  as  well  as 
the  artificial  product  after  subjecting  it  to  heat  treatment, 
mechanical  working,  etc. 

IV.  PHOTOELECTRICAL  SENSITIVITY  OF  BISMtJTfflNITE 

In  a  previous  investigation*  it  was  shown  that  crystals  of 
bismuthinite,  61,8^,  are  sensitive  in  spots,  often  localized  at  the 
intergrowth  of  two  bundles  of  adcular  •crystals.  The  sample 
(tJ.  S.  Nat.  Mus.  No.  14046,  from  Cornwall,  England)  used  in  the 


Fio.  i$.-^Effect  of  mechanical  working  upon  the  spectral  photoelectric  sensitivity  of  acan- 

ihiU 

present  examination  was  a  straight  rod  of  fibrous  material  about 
10  by  1.5  by  0.7  mm.  The  electrodes,  which  were  of  No.  30 
copper,  were  attached  to  the  crystal  by  means  of  solder.  As 
described  in  the  paper,  just  cited,  the  solder  on  cooling  and 
solidifying  holds  the  crystals  very  securely  to  the  copper  wires. 
Tests  were  made  showing  that  dental  amalgam  is  an  excellent 
means  for  attaching  wires  to  substances  that  will  not  take  solder, 
but  this  research  was  terminated  before  this  procedure  was 
adopted  as  a  general  method  of  making  electrical  connections. 

Tests  made  at  room  temperatures  showed  that  the  highest 
spectral  intensities  attainable  were  not  sufiicient  to  obtain  a  reli- 
able photoelectrical  sensitivity  curve.    Measurements  were  there- 

*  This  Bulletin,  14,  p.  599:  19x8. 
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fore  made  only  when  the  bismuthinite  was  at  low  temperatures, 
— 166°  C.  But  even  at  this  temperature  the  galvanometer  was 
very  unsteady,  owing  to  lack  of  proper  temperature  control  of 
the  sample,  the  resistance  of  which  changes  rapidly  with  tempera- 
ture. A  change  of  a  htmdredth  of  a  degree  in  temperature  is  suffi- 
cient to  cause  a  drift  in  the  galvanometer  reading.  To  eliminate 
the  effect  of  .drift  in  the  galvanometer  reading,  the  ballistic  throw 
was  used.  In  this  manner  the  spectral  photoelectric  sensitivity 
curve,  B,  Fig.  17,  was  obtained.  It  represents  the  average  of  a 
great  many  readings,  and  shows  that  there  are  two  sensitivity 
maxima,  at  about  0.64/1  ^^^  i  -oSm,  respectively.    Curve  A  illus- 


Fio.  z6. — Photoelectrical  sensitivity  cf  an  amorphous  plate  of  a  laboratory  preparation  of 

stiver  sulphide 

trates  a  set  of  observations  obtained  by  using  unlimited  exposure, 
which  was  from  one  to  two  minutes.  The  galvanometer  deflec- 
tions (amounting  to  about  5  cm  at  the  maximum)  are  three  times 
the  scale  indicated  in  Fig.  17. 

V.  PHOTOELECTRICAL   SENSITIVITT   TESTS    OF  VARIOUS 

SUBSTANCES 

As  already  mentioned,  it  was  of  interest  to  determine  whether 
substances  which  are  quite  insensitive,  photoelectrically,  become 
markedly  sensitive  at  low  temperatures.  Spectral  photoelectric 
sensitivity  tests  were  made  on  galena,  pyrites,  jamesonite,  and 
cylindrite.     Previous   tests  *•  showed   that  for  high  intensities 

u  This  Bulletm,  14,  pp.  593-595:  I9i8< 
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cylindrite  appeared  photoelectrically  sensitive.  Case,"  using  an 
arc  light  focussed  upon  the  samples  under  test,  found  that  galena 
and  jamesonite  were  fairly  sensitive  to  light. 

1.  OALBN A  (PbS) 

The  sample  examined  was  a  beautiful  regular  prism  12  by  3  by 
3  mm.  The  electrodes  were  of  thin  copper  wire  heated  to  the 
melting  point,  and  quickly  touched  to  the  galena,  which  is  melted, 
forming  a  strong  jtmcture.    Using  the  highest  obtainable  spectral 


s      '^       -a      /.o      .A     ;^      '•€      ^ 

FlO.  17. — Spectral  photoelectric  sensitivity  of  bismufkinite 


^ 


intensities,  this  sample  of  galena  gave  no  indications  of  photo- 
electrical sensitivity  either  at  22®  C  or  at  - 160®  C. 

2.  CTLINDRITB 

This  is  a  lead-antimony  tin  mineral  which  occurs  in  cylindrical 
form.  The  sample  examined  was  a  beautiful  cylinder  about  2.5 
mm  in  diameter  and  1 2  mm  long.  The  copper  lead  wires  were  at- 
tached by  heating  them  as  was  done  with  galena. 

For  the  intensities  obtainable  this  sample  showed  no  photo- 
electrical sensitivity  at  — 160®  C. 

3.  PYRITES  (FeS,) 

The  sample  examined  was  a  homogeneous  fragment  of  a  crystal 
about  9  by  3  by  3  mm.  The  electrodes  were  fine,  No.  36  copper 
wire  wound  in  grooves  filed  around  the  ends  of  the  crystal.  No 
photoelectrical  sensitivity  was  observed  at  —160^  C.  Previous 
tests,  using  high  intensities,  showed  that  this  mineral  is  not  sensi- 
tive at  room  temperatures. 

"  Caae.  Phys.  Rev.  (a),  9,  p.  305:  29x7. 
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4.  JAUESONIXE  (2  Pb  S.  SbaS,,  SMITHSONIAlf  C0LLBCT10N  NO.  12  500, 

FROM  CORIVWALL,  ENGLAIO)) 

.The  sample  examined  was  a  btuidle  of  acicular  crystals,  10  by 
2.5  by  2  mm.  The  electrodes  were  No.  36  copper  wire  tightly 
woimd  in  grooves  filed  close  to  the  ends  of  the  crystal.  This  outfit 
was  moimted  sectirely  upon  a  fiber  base. 

In  the  previous  examination,  using  heterogeneous  light,  this 
mineral  was  found  to  be  only  slightly  sensitive  photoelectrically. 
The  present  tests  were  disappointing  in  that  for  the  highest  spec- 
tral intensities  obtainable  no  evidence  of  photoelectrical  sensitivity 
was  foimd  at  — 160*^  C. 

VI.  SUMMARY 

This  paper  gives  data  on  the  change  in  the  electrical  resistance 
of  the  sulphides  of  silver  and  of  bismuth,  when  exposed  to  radia- 
tions of  wave  lengths  extending  from  0.6/i  in  the  visible  spectrum 
to  about  3  M  hi  the  infra-red.  Measurements  were  made  also  upon 
galena,  cylindrite,  pyrites,  and  jamesonite,  which,  however,  did 
not  show  photoelectrical  sensitivity  for  the  highest  spectral  radia- 
tion intensities  available. 

In  the  sulphides  of  silver  and  of  bismuth  the  radiations  extend- 
ing from  o.6m  to  about  i.8m  produce  a  noticeable  change  in  elec- 
trical conductivity. 

The  effect  of  temperature,  of  intensity  of  the  exciting  radiation, 
and  of  mechanical  working  upon  photoelectrical  sensitivity  of 
silver  sulphide,  was  investigated. 

Both  the  natural  mineral,  acanthite  and  a  laboratory  prepara- 
tion were  examined.  The  latter  material,  which  was  hammered 
into  a  thin  flexible  plate,  was  found  insensitive  photoelectrically 
at  room  temperature.  But  at  —157^0  a  sharp  maximum  of 
photoelectrical  sensitivity  was  observed  for  radiations  of  wave 
length  X  =  1 .05/i. 

At  room  temperatures  the  natural  crystalline  material  di£Fers 
from  other  photoelectrically  sensitive  substances  studied  in  that 
the  photoelectric  response  becomes  fatigued  and,  after  an  exposure 
of  two  to  three  seconds  to  light,  the  positive  resistance  change 
(galvanometer  deflection)  begins  to  be  effective.  For  tmlimited 
exposure  the  galvanometer  deflection  returns  to  about  one-fifth 
of  its  maximum  deflection.  On  removing  the  light  stimulus  the 
galvanometer  gives  a  negative  deflection,  which  in  the  course  of 
a  few  minutes  returns  to  the  original  zero  scale  reading.  In  other 
words,  the  change  in  resistance  of  the  crystal,  when  exposed  to 
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radiation,  is  first  negative  and  then  positive,  the  resultant  change 
being  n^ative  and  roughly  one-fifth  the  original  change.  At 
low  temperatures,  —158°  C,  this  polarization  phenomenon  dis- 
appears, and  the  response  to  radiation  is  the  same  as  that  of  other 
substances,  for  example,  selenium  and  molybdenite.  The  spectral 
photoelectric  sensitivity  curve  of  crystalline  silver  sulphide, 
acanthite,  at  room  temperature  is  conspicuous  for  its  high  sen- 
sitivity in  the  region  of  the  spectrum  extending  from  0.6/i  to 
1 .2/i  followed  by  a  maximum  at  about  i  .35/x.  Lowering  the  tem- 
perature to  —  1 58®  C  greatly  increases  the  photoelectrical  sensitiv- 
ity of  acanthite  throughout  the  spectrum  examined.  The  sen- 
sitivity curve  is  quite  symmetrical  with  a  maximum  at  1.2/i 

Increasing  the  intensity  of  the  exciting  radiations  produces  a 
more  rapid  response  in  the  long  wave  lengths  than  in  the  short 
wave  leng^s,  with  a  consequent  shift  of  the  maximum  of  the 
photoelectrical  sensitivity  curve  toward  the  long  wave  lengths. 

There  is  no  simple  law  governing  the  variation  in  the  photo- 
electric response  in  silver  sulphide  with  variation  in  intensity  of 
the  radiation  stimulus. 

Mechanical  working  (hammering  into  a  thin  plate)  appears 
to  lower  the  intrinsic  photoelectrical  sensitivity  of  acanthite  and 
changes  the  position  of  the  maximum  of  spectral  sensitivity. 

A  spectral  photoelectric  sensitivity  curve  of  bismuthinite, 
Bi^Ss,  was  obtained  at  —  i66®C.  There  are  maxima  of  sensi- 
tivity at  0.64/A  and  i.oS/iy  respecitively. 

Washington,  March  4,  1919. 
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I.  IHTRODUC5TION 

The  purpose  of  this  paper  is  to  record  measurements  of  the 
wave  lengths  of  lines  in  the  red  and  infra-red  spectral  regions  of 
krypton  and  xenon.  The  present  measurements  were  made  in 
continuation  of  considerable  work  upon  the  spectra  of  the  rare 
gases  already  done  by  the  Bureau  of  Standards.* 

The  rare  gases  are  as  follows : 

Atomic  wei^t 

Helium 4.  o 

Neon 20. 2 

Argon 39.9 

Krypton 82. 9 

I  Jo.  2 


^  'this  Balktln.  14,  pp.  159  and  765;  1918,  (ScieiiUfic  Papers  Nob.  joa  and  3*9). 
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Published  tables  of  wave  lengths  contain  no  xenon  lines  in 
the  infra-red  region  and  only  two  krypton  lines.  Thus  these 
spectra  have  been  practically  unknown  beyond  the  limits  6456  A 
for  krypton  and  6198  A  for  xenon.  Thanks  to  Baly,'  the  spectra 
are  quite  well  observed  throughout  shorter  wave  lengths.  The 
other  rare  gases  have  been  more  thoroughly  investigated.  Since 
all  of  these  elements  are  of  particular  interest  to  the  spectroscopist 
it  is  desirable  to  complete  our  knowledge  of  them  as  rapidly  as 
possible.  Not  only  are  their  spectral  lines  suitable  for  working 
standards  for  wave  length  determinations  of  high  accuracy, 
but  they  are  important  for  theoretical  reasons  on  account  of  the 
relative  simplicity  of  their  spectra,  and  because  of  certain  very 
interesting  numerical  relations  already  discovered. 

n.  METHODS   OF  MBASUREMENT 

The  spectra  were  obtained  with  a  concave  grating  giving  a 
dispersion  of  10  angstroms  per  millimeter.  The  second  order 
iron  comparison  spectrum  gave  the  nearly  normal  dispersion  curve 
from  which  the  rare-gas  wave  lengths  were  interpolated.  Owing 
to  the  long  exposures  and  to  the  fact  that  there  was  no  means  of 
introducing  the  comparison  spectrum  during  the  exposure, 
several  of  the  plates  showed  small  S)rstematic  shifts.  The  result- 
ing wave  lengths,  therefore,  are  not  of  a  very  high  order  of  accu- 
racy; the  values  based  on  three  or  more  determinations  should 
be  within  0.02  or  0.03  A  of  the  truth.  In  the  tables  which  fol- 
low, those  lines  for  which  the  uncertainty  appears  to  be  more 
than  this  are  indicated  by  raising  or  omitting  the  second  decimal 
figure. 

m.  RESULTS 
1.  KRYPTON 

Table  i  shows  the  krypton  lines  of  longer  wave  length  meas- 
ured in  the  first  order.  The  two  strongest  lines  in  this  region, 
7587.40  A  and  7601.55  A,  appear  in  Ka3rser's  Handbuch  as  the 
two  longest  lines  of  the  spectrum.  In  reality  they  are  the  begin- 
ning of  a  group  of  lines  extending  toward  longer  wave  lengths, 
the  krypton  spectrum  being  analogous  in  this  respect  to  that  of 
argon  and  neon. 

s  Baly,  FhiL  Tnou.,  A  Ma.  pp.  i^i-m^;  >904* 
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TABLE  1«— Xr  LiuM' Moasurod  in  First  Qrd«r 


— , 

LA. 

NmiibM 
pomiw 

Baly 

Intanity 

LA. 

Number 

oiez- 

pomifw 

Range 

15 
20 

6481.1 
6456.9* 

6576.4* 
66S2.2P 

6690.1* 

6739.9 

681S.0* 

6846.4 

6809.6* 

6904.6* 

7224.0* 

7287.27 

7425.52 

7466.85 

7493.6 

7494.1 

7503.9 

7514.7 

7587.40 

7601.55 

6421.11 
6456.44 

10 

7635.1 

7685.22 

7694.55 

7741*.  9 

7746.81 

7776.2 

7806.5* 

7854.79 

7913.38 

7928.5* 

7962.4 

80S9.47 

8104.33 

8112.87 

8190.02 

8263.22 

8281.02 

8298.07 
8506.85 

8776.73 
8928.72 

Rmitt 

7587.20 

7601.19 

The  faypton  tubes,  which  were  furnished  by  Sir  William 
Ramsey,  contained  krypton  of  a  high  degree  of  purity.  Two 
argon  lines  are  doubtfully  present  in  the  spectrum,  while  the 
strongest  line  of  the  xenon  spectrum,  8231.62  A,  shows  faintly. 

For  the  purpose  of  comparing  the  gas  in  these  tubes  with  that 
observed  by  Baly,  one  or  two  short  exposures  were  made  in  the 
blue,  using  the  second  order  spectrum.  The  few  lines  obtained 
correspond  with  the  strongest  lines  observed  by  Baly*  andRimge,* 
while  no  extraneous  lines  appear.  The  results  are  given  in 
Table  2. 

TABLE  2.-— Kir  UaM  Meamired  in  Second  Order 


IniMMitT 

LA. 

Baly 

RnnfO 

4273.95 

4273.99 

4273.93 

4318.6' 

4318.58 

4318.54 

4319.57 

4319.60 

4319.60 

4376.11 

4376.16 

4376.07 

4463.7* 

4463.71 

4463.65 

*B«ly,  lo<^  cit. 


<Ritng«,  Aftroph.  JL,  10»  p.  73;  1899. 
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A  very  brief  inspection  of  the  wave  lengths  for  numerical  regu- 
larities has  shown  three  new  pairs  of  constant  frequency  differences 
of  the  t3rpe  discovered  by  Paulson.^  The  data  for  all  eight  of  these 
pairs  are  given  in  Table  3. 

TABLB  3.— Ftequency  Differences  in  Krypton  Spectrum 


LA. 

A  n  mcuBiii 

LA. 

^  n  fCBMH 

4273.99 

945.04 

5570.28 

944.99 

4453. 9S 

5879.84 

4283.01 

944.95 

760LS5 

944.97 

4463.71 

8190.02 

4318.58 

945.06 

7694.53 

945.00 

4502.39 

8296.07 

5562.23 

944.96 

8104.33 

945.06 

5870.90 

8776.73 

The  mean  value  of  the  frequency  difference  is  945.00.  The  great- 
est divergence  from  this  value  is  0.061  which  is  one  part  in  200  000 
of  the  frequency.  This  is  probably  not  outside  the  errors  of  meas- 
urement, especially  if  we  assume  tiie  error  of  a  difference  to  be  1.4 
times  that  of  an  individual  line.  It  would  be  of  great  interest  to 
measure  these  lines  with  a  much  higher  acciuacy  to  see  whether 
the  differences  remain  constant  to  a  part  in  several  million,  as  has 
been  found  to  be  the  case  with  neon. 

2.  XENON 

The  xenon  as  supplied  by  the  laboratories  of  Sir  William  Ramsey 
was  very  pure.  In  the  regions  shown  by  the  tables  to  overlap 
with  Baly's  measurements,  the  spectrum  corresponds  to  that  ob- 
served by  him.  Some  plates  taken  by  F.  M.  Walters,  jr.,  with  a 
I -prism  spectrograph  covering  a  long  range  of  the  shorter  wave 
lengths,  also  show  a  reasonable  correspondence  with  Baly 's  spectra. 
The  grating  measurements  are  contained  in  Tables  4  and  5. 

•  Aaaa  lender  Physik,  4ft^  p.  408;  Z9X4. 
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TABLE  4.— Xb  Lines  Measured  in  First  Order 
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— , 

LA. 

Of  01- 

poooroo 

Btfy 

Inlraflily 

I.  A. 

Number 
of  ez- 

pMUItl 

1 

B0I7 

1 

0 

1 
1 

0 

1 

0 

1 

0 
2 
1 
3 
3 
1 
1 
0 
0 
1 
0 
2 
3 
1 
0 
1 
3 
0 
0 
2 
1 
6 

5823.9* 

5624.9 

5875.0* 

5895.9 

5931.2  ^ 

5934.2* 

6163.8 

6178.3* 

6179.6 

6182.4* 

6196.3* 

6318.0* 

6469.7* 

6472.8* 

6467.7* 

6498.7 

6504.1 

6595*5* 

6666.8 

6668.8* 

6727.9* 

6827.1* 

6866.6 

6872.0* 

6882.0' 

6976.1 

7047.2 

7119.5* 

7257.9* 

7262.6 

5823.86 

5824.76 
5875.06 

3BSP4. 96 

0 

1 

3 

2 

m 

15 
12 

0 

7266.4 

7263.9* 

7285.3* 

7316.3* 

7321.4* 

7336.4* 

7355.6* 

7385.9' 

7393.8* 

7400.41 

7424.  Oi 

7472.0* 

7473.9* 

7559.7 

7584.6* 

7642.04 

7643.8* 

7664.3 

7802.7* 

7887.4* 

7967.34 

8057. 2T 

8061.3* 

8206.30 

8231.62 

8266.5* 

8280.08 

8346.76 

8409.17 

8819.38 

6952.25 

9045.44 

9162.7* 

1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
4 
5 
4 
1 
3 
4 
4 
3 
3 
4 
6 
3 
6 
4 
4 
4 
4 
3 
2 

6164.09 
6178.59 
6179.95 
6182.71 
6196.49 

.......... 

1 

TABLE  5.— Xe  Lines  Measured  in  Second  Order 


Intensity 


0 
3 
1 
6 
0 


LA. 


a<3967.6) 
4500.96 
4524.70 
4624.27* 
4624.58 


Nombor 
of  ox- 


1 
2 
2 
3 
2 


Baly 


3967.59 
4500.96 
4524.65 
4624.28 


Inteiiitty 


10 

3 

1 

2 

1 

0 


LA. 


4671.227 

4671.56 

4697.02 

4734.18 

4807.06 

4807.6* 


Ntunbor 
of  ez- 


3 
2 
2 
2 
2 
1 


Baly 


4671.24 


4734.12 
4807.01 


a  Pontion  estimated. 
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By  far  the  strongest  lines  in  the  region  5S23-9162  are  823 1 .62  and 
8280.08.  These  two  lines  seem  to  correspond  to  the  strong  lines 
which  stand  at  the  short  wave  length  end  of  groups  of  lines  of 
the  other  rare  gases.  They  are  certainly  among  the  most  im- 
portant lines  in  the  whole  spectrum,  possibly  being  those  by  which 
traces  of  the  elements  could  be  most  easily  identified.  The  line 
8231  was  measured  three  times  on  the  krypton  photographs, 
^yielding  a  value  of  8231.62,  in  exact  agreement  with  the  wave 
length  from  the  xenon  tube. 

Attention  is  called  to  the  close  companions  to  the  lines  4624, 
4671,  and  4807.  These  may  hg-ve  been  lost  in  the  over-exposed 
images  of  the  strong  lines  on  Baly's  plates. 

IV.  DISCUSSION 

Although  all  the  principal  lines  of  the  helium  spectrum  have 
been  shown  to  fall  tmmistakably  into  six  series,  no  important 
series  relationships  have  as  yet  been  found  among  the  stronger 
lines  of  the  other  rare  gases.  While  it  would  be  rash  to  say  they 
do  not  exist,  a  different  type  of  regularity  is  predominant  in  present 
data — ^namely,  that  of  constant  difference  pairs.  The  four  gases 
of  greater  atomic  weight  possess  another  feature  in  cotomon  which 
is  apparently  not  partaken  of  by  the  helitmi  spectrum.  That  is 
the  tendency  of  the  lines  to  form  groups,  the  position  of  which 
apparently  has  some  relation  to  the  atomic  weight.  Observations 
upon  neon  and  argon  had  previously  shown  that  each  spectrum 
possessed  a  group  of  very  strong  lines  in  the  red,  with  the  fmther 
characteristic  that  the  shortest  lines  of  the  group  were  especially 
strong,  and  that  in  the  direction  of  the  violet  from  these  lines  lay 
a  region  containing  only  weak  lines.  As  has  already  been  remarked 
in  this  paper,  the  krypton  spectnun  exhibits  somewhat  the  same 
phenomena.  This  is  probably  also  the  case  with  xenon,  the  very 
strong  lines  8231  and  8280  beginning  a  group  of  strong  lines, 
which,  however,  is  not  very  conspicuous  or  greatly  extended  owing 
to  the  rapidly  decreasing  efficiency  of  the  photographic  plate  in 
this  portion  of  the  spectrum. 

Moreover,  strong  lines  or  groups  of  the  different  gases  show  a 
regular  displacement  from  one  spectrum  to  another  in  the  order 
of  the  atomic  weights.  To  exhibit  this  the  writer  photographed 
the  four  rare  gases  side  by  side  upon  the  same  plate  with  a  very  small 
dispersion  spectrograph.  The  similarity  of  the  spectra  and  the 
progression  in  the  position  of  two  groups  of  lines  is  shown  by  Fig.  i , 
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Fig.  I. — spectra  oj  the  four  rare  gases  showing  similarity 
and  progression  in  the  group  position 
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which  is  a  copy  of  this  photograph.  Bearing  in  mind  that  the  long 
wave-length  group  in  xenon  is  much  weakened  by  photographic 
effects,  and  that  the  short  wave-length  group  of  neon  fails  to 
appear  on  account  of  the  absorption  of  the  prism  used,  the  cor- 
respondence is  rather  striking.  The  correspondence  between  in- 
dividual lines  is  not  clear.  No  extended  search  for  individual 
relationships  has  as  yet  been  made.  A  few  simple  functions  of 
atomic  weight  and  ntmiber  have  been  tried  to  represent  the 
position  of  the  lines.  The  writer  is  not  convinced  that  the  ap- 
parent success  in  a  few  cases  indicates  anything  of  importance,  as 
it  may  be  due  to  a  few  coincidences.  At  any  event  no  complete 
S3rstem  has  been  evolved  and  it  remains  to  be  seen  whether  such 
relationships  exist. 

P.  M.  Walters  made  the  photographs  to  check  the  character  of 
the  krypton  and  xenon  spectra  in  the  violet  and  ultra-violet  and 
assisted  in  some  of  the  wave-length  reductions. 

V.  SUMlfART 

This  paper  records  photographic  meastuements  of  wave  lengths 
in  the  spectra  of  krypton  and  xenon,  principally  in  the  red  and 
infra-red.  In  krypton  37  new  lines  were  measured  between 
6576  A  and  8928  A;  in  xenon  52  new  lines  between  6318  A  and 
9162  A.  In  this  region  there  are  munerous  strong  lines  which  are 
probably  among  the  most  important  in  the  spectra  of  these  ele- 
ments. The  xenon  lines  at  8231  A  and  8280  A  are  especially 
notable.  These  and  other  lines  may  be  of  value  as  wave-length 
standards  in  the  infra-red. 

Attention  is  called  to  a  probable  analogy  between  the  spectra 
of  the  rare  gases  neon,  argon,  krypton,  and  xenon  which  this 
investigation  has  brought  to  light. 

WASraNGTON,  April  28,  1919. 
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I.  INTRODUCTION 

The  present  work  is  an  attempt  to  throw  some  light  on  the 
relationship,  if  any,  which  exists  between  the  method  of  deoxi- 
dation  of  a  steel  and  the  oxygen  content  as  determined  by  the 
Ledebur  method  when  carried  out  as  described  by  Cain  and 
Pettijohn.^  Incidentally,  some  other  data  related  to  deoxida- 
tion  problems  are  given.  The  work  is  incomplete,  in  the  sense 
that  it  is  not,  and  does  not  purport  to  be,  a  systematic  study  of 
this  question,  since  it  represents  only  (i)  modified  commercial 
practice  at  one  plant  for  the  production  of  add  Bessemer  steel, 
and  (2)  an  ^cperimental  deoxidation  practice  developed  for  the 
study  of  this  particular  phase  of  steel  manufacture.  In  view  of 
the  great  variations  in  commercial  deoxidation  practice  at  different 
works  and  with  different  processes  of  steel  manufacture,  this 
present  investigation  should  be  regarded  as  no  more  than  intro- 
ductory to  the  subject. 

The  data  in  this  paper  relate  to  two  sets  of  steel  ingots,  the  one 
made  during  deoxidation  tests  carried  out  at  the  Watertown  Ar- 
senal in  1 91 5  and  the  other  made  during  a  cooperative  investiga- 
tion between  this  Btneau  and  the  Bethlehem  Steel  Co.'s  plant 
at  Sparrows  Point,  Md.,  in  191 7.  The  first-named  investigation 
was  described  by  Boylston'  and  tibte  original  paper  should  be 
consulted.  Only  so  much  of  the  data  from  Boylston's  paper 
is  included  here  as  is  considered  necessary  for  correlation  with 
data  obtained  in  the  present  investigation. 

'  BarcBU  of  Standards  Tedinolocic  Paper  No.  xx8. 

*  InvestigBtioa  of  the  Relative  Merits  of  Varkms  Asents  for  the  Deoaddation  of  Sted.    Camesie  Scfaolar- 
ihip  MemoirB,  7,  pp.  zoa-xjx,  Z3Z-Z7Z,  19x6. 

xa6xi«*— X9 
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TL  DEOZIDATION  TESTS   MADE  AT  WATERTOWN 

ARSENAL 

Boylston's  work  was  carried  out  in  two  phases.  The  first  part 
was  a  preliminary  investigation  made  by  adding  to  Tropenas 
converter  steel  varying  proportions  of  the  deoxidizers  tested, 
namely,  commercial  grades  of  ferrosilicon,  ferromanganese,  alu- 
mintun,  ferrotitatiinm,  and  ferrocarbon  titanium.  The  additions 
were  made  in  a  preheated  ladle,  the  metal  held  for  a  short  time 
in  the  ladle  after  the  addition,  and  then  poured  into  ingot  molds 
which  were  made  of  sand.  The  object  of  these  preliminary 
experiments  was  to  ascertain  the  best  proportion  of  deoxidizer 
under  each  set  of  the  conditions  described  in  the  original  paper. 
The  criterion  used  in  judging  the  effect  of  the  deoxidizer  was  the 
relative  density  of  the  ingots,  which  was  roughly  determined  for 
the  whole  ingot  (these  were  20  inches  long  by  6  inches  diameter) 
by  weighing  first  in  air  and  then  in  water. 

The  best  proportions  of  each  deoxidizer  as  fixed  by  the  pre- 
liminary experiments  were  then  used  in  deoxidizing  a  heat  of  steel 
made  in  a  Tropenas  converter  and  having  the  composition  shown 
in  the  fourth  horizontal  column  of  Table  2. 

Table  i  gives  the  principal  details  of  metallurgical  interest 
concerning  this  heat,  and  Table  2  the  anal}rsis  of  the  materials 
used  in  making  it. 

TABU  1.— Details  of  Heat  9o.  4458  Kede  at  Watertewn  Anenal 


Tiaa  of  openiltona 

• 

Hd«M 

%rt*fff^ 

8«..d. 

Motal  ***<»  cQaTMlar 

2 

2 
2 
2 

3 

9 
12 
U 
49 

0 

0 

9lH4t4  to  talvw * 

0 
80 

Blflwendfld  ^  MOtndi  OTssblvwii) 

40 

CmivBftor  to  2«taD  tod*6 ,.,,,.  x.. . 

0 

BCstttteto 

Poondl 

Wtlilit  of  fluMito  DMtiil  tditod  to  miifail  in  mmiromr 

42$ 

Weifflit  «f  tomniumiiffn  ftddad  iTJ  ssr  cmt  Mn) 

45 

Weight  of  teciMlUcoa  added  (56  per  oral  81 ) 

T 

WfliM  irf  fflHiwitiiff  awtol 

S09t 

Welitaf  flf  itoti  and  addittona 

5569 

Cam      1 
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TABLB  2. — Chemical  Composition  of  Raw  Materials  and  Steel  Used  at  Watertown 

Arsenal 


Material 

C 

Mn 

SI 

8 

P 

CBprifi Inm      L.  ,  .    

Percent 

3.40 

• 

.08 

.387 

.37 

6.55 

.16 

Percent 

a  47 

Trace 

.68 

.51 

77.00 

• 

Percent 

L650 
.016 
.218 
.186 
.906 
56.000 

Percent 
0.047 

Percent 
0.035 

Oonverter  ^netu  ■■...••••••■••.■•.••...■••.•••••••••• 

.054 
.057 
.024 

.040 

Sanif ,  htr  ■ii«lvgig    ^         

.037 

.185 

rff f rffT nfi*n  ■••■.■■•■■.•••••••...•.•••■..•••...•••... 

Table  3  gives  the  compositions  of  the  various  deoxidizers  used  in 
the  investigation  and  the  manner  of  using  these  is  shown  in  Table  4* 


TABLE  3. — Chemical  CompositiQn  of  Deoxidizers  Used  at  Watertown  Arsenal 

Deoxtdiser 

C 

Mn 

81 

s 

p 

▲1 

Tl 

Fe 

Wti  iwitinfjMwe 

Percent 

6.55 

.16 

192 

Percent 
77.00 

Percent 

0.906 

56.00 

2.10 

1.30 

.87 

Percent 
a  024 

Percent 
a  185 

Percent 

Percent 

Percent 

Vsrroeiuoon  ■•••■■.....■..■... 

None 

7.61 

•9».08 

14.32 
24.00 

0l05 

>  By  difference. 

TABUS  4.— Time  of  Pouring  Ingots  and  Details  as  to  Use  of  Deoxidizers 


Mete!  iniD  ladle 

Deosldlzer  edded. .......... 

flnitlied  peorinc  iato  ladle. . 
BCelal  potued  Into  fliat  Ingot. 

Third  fngetflnialied..-. 

Deoildlzar  held  In  ladle 


Weight  of  demldlaer  added  (peonda) 

Weight  of  atael  In  ladle  (pouada) 

Per  cent  of  deoildlTlng  element  added 

Kind  of  decsidlzer  added 

Per  cent  of  active  element  In  deoddlxer 

Owicea  of  deoildliar  (ealcnlated)  per  ton 

of  rteel 

Ooaceo  of  deoKldizer  element  (ealcnlated) 

per  ton  of  iteel 


Ingot 


1.2,3 


h. 
3 

3 

3 
3 
3 
0 


m.  a. 

5  50 

5  56 

6  25 

09  20 

10  56 
2  55 


6.98 

1054 

a095 

Fe-C-Tl 

14.32 

212 

3a4 


Ingot 


6.5,4 


h. 
3 


a. 

16  55 

3    16  56 

3    17  00 

19  45 

21  20 

2  45 


3 

3 
0 


6.275 

1015 

a  492 

Fe-Mn 

79.65 

198 

157.7 


Ingot 


7,8.9 


h. 
3 
3 
3 
3 
3 
0 


m.   a. 
7    30 


7 
7 


30 
57 


10  25 

11  34 
2    28 


4.16 

1067 

a093 

aFe-TI 

24.0 

125 

90.0 


Ingot 


12, 11, 10 


h. 
3 
3 
3 

3 


m.  a. 

14  48 

14  48 

15  10 
17  14 

3    18  31 

0     2  04 


7.15 
1000 
a40 
F»-Si 
56.0 

229 

128 


Ingot 


13, 14, 15 


h. 
3 

3 

3 

3 

3 

0 


m. 
8 

9 

9 


55 

00 
05 


11    35 

13    00 
2    30 


2.02 

1395 

a  144 

Ae 

98.0 

46 

45.6 


NoTB. — ^The  additions  were  all  made  in  small  preheated  ladles  each  of  which  had  the  apprcodmate 
capacity  of  the  incot  molds  used;  the  steel  after  addition  of  the  deoxidizer  was  held  in  the  ladles  lor  the 
times  shofwn  in  Table  4,  before  pouring  into  sand  molds. 

o  Carbon  free. 

Table  5  gives  the  determinations  by  the  present  authors  of  the 
Ledebur  oxygeA  t:ontent  of  the  ingots  (two  missing)  described 
in  Table  4. 
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TiJSJJL  5.— Oiygen  Detoanlnatioiis  on  Steels  Made  at  Watertown  Aiaenal 


DMildinr 


Ftofxocarbon  tihmlnm , . 


Table  6  gives  mechanical  tests  of  annealed  test  pieces  taken  from 
these  ingots. 

TABLE  6.— Tensile  Tests  of  Annealed  Forged  Steel  Specimens  (Made  at  Watertown 

Arsenia)a 


Ingot 


IF 
2F 

3r 
at 

7F 
8F 
97 

nr 

i2F 
13F 
14F 
15F 


Deoiidlier 


^FemotrtMm  Mtinlqm  . 


>7. 


icaibon 


,-lrM  ffwHtifihiin. 


'  Fw  IMulOOIl. 


^ Almnisiiiii. . 


Elaittc 
limit 


LbiL/ln.> 

47  SOO 
52  000 

51  000 

48  000 

49  000 

46  000 
48  500 

50  500 

52  500 

53  500 

47  000 

48  500 
44  500 


TwiBito 
itrancth 


Lba./l]i.> 
82  500 

82  000 

81  500 

83  500 
79  000 

77  000 

78  000 

84  000 

82  500 
84  500 
78  500 

78  000 

79  500 


ffiongatkni 
i]l21llCllM 


Peromt 
27.5 
29.0 
28.5 

25.5 
30.5 
3L0 
31.5 
26.5 
29.0 
2&5 
29.  S 
31.0 
29.5 


Ptreent 
49.1 
51.9 
5L9 
46.2 
54.6 
57.2 
57.2 
46.2 
54.6 
51.9 
57.3 
54w6 
SI.  9 


•  The  test  ban  were  prepared  from  xAtoea  about  a  inches  square  by  7  inches  \oaz  cut  from  the  top  of 
esdi  forged  ingot  (forged  to  9  inches  round)  after  a  3-inch  top  discard.  They  were  »Mnt^\mA  by  heatlns 
•t  850*  in  a  Scni-MufiBe  furnace  for  one  hour  and  cooled  in  air;  they  were  then  reheated  at  850*  for  one- 
half  hour  and  cooled  in  air;  finally*  they  were  heated  a  third  time  at  650*  for  one-half  hour  and  cooled 
in  air. 

From  an  inspection  of  Tables  5  and  6  it  is  evident  that  the 
marked  variations  in  deoxidation  treatment  of  the  same  steel,  as 
detailed  in  text  and  tables,  has  had  but  little  effect  on  the  oxygen 
content  of  the  various  ingots  as  determined  by  the  Ledebur 
method;  some  difference  in  mechanical  properties  is  evident,  but 
not  so  marked  as  to  be  considered  highly  important,  except 
possibly  with  reference  to  the  determinations  of  elastic  limit. 
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Fig.  3. — Ladle  test  ingots  from  heal  166 $7,  deoxidizei  in  the  ladlt  Tirilh  aluminitm. 
{Bottom  ingot  is  blown  metal) 


.e  Bjreiu  of  Standardt,  \ 


arbon  titanium. 


C^m      1 

JVtfubM 


Ledebur  Oxygen  Determinations  in  Steels 


263 


m,  DBOZIDATION  TESTS  MADE  AT  THE  BETHLEHEM 
STEEL  CO.  PLANT  AT  SPARROWS  POINT,  MD. 


The  tests  at  Sparrows  Point  were  made  at  the  Bessemer  (acid) 
plant  by  certain  variations  in  the  tegular  commercial  practice  used 
here  for  making  Bessemer  steel.  This  practice  consists  essentially 
in  charging  into  the  converter  molten  pig  iron  taken  from  a  mixer, 
together  with  a  certain  proportion  of  scrap,  blowing  the  mixture 
in  the  converter  until  carbon,  manganese,  and  silicon  are  removed 
practically  completely;  then  deoxidizing,  recarbtuizing,  and  ad- 
justing residual  manganese  content  by  the  addition  of  molten 
Spiegel.  The  details  concerning  the  various  heats  used  in  m&king 
these  tests,  so  far  as  available,  are  given  in  Tables  7  and  8. 

TABLE  7.— Analytical  Details  of  Biparima&ts  Made  at  Befhlehem  Sted  Co. 


HmI 

Miitare 
conwtK 

/ 

BtMrnflMlal 

• 

Ladte  tttt  of  iMt 

UdtotMrtiofliidt- 
vldiudliifoli 

Sl 

Ma 

SI 

Mn 

c 

Ma 

C 

Mn 

SI 

P 

B 

C 

Mn 

P.et 

P.  ct 

P.ct 

P.ct 

P.ct. 

P.ct. 

P.ct 

P.ct 

P.ct. 

P.ct 

P.ct 

P.ct. 

P.ct 

P.ct. 

]fi6€0 

a77 

1.44 

L37 

14.58 

a056 

mi 

a36 

a75 

ao5 

0L044 

aQ24 

1 
2 

a  356 
.858 

a  75 
.75 

■ 

« 

.858 

.372 
.362 
.366 

.75 
.75 
.75 

.76 

16602 

1.25 

.93 

•  1.50 

•  14.64 

.038 

NU 

.38 

.72 

.05 

.086 

.042 

.372 

.72 

l»50.00 

.374 
.382 

.73 

.72 

.380 

.71 

• 

.392 

.70 

.376 

.73 

i6657 

.43 

.62 

•1.39 
c99 

•15.50 

.064 

NU 

.39 

.99 

.09 

.060 

.046 

.404 

1.01 
1.00 

.390 

.97 

.392 

.98 

.410 

.97 

.380 

.98 

lif61 

LSS 

1.68 

01. 39 

dl5.50 

•  15.88 

.092 

.08 

.45 

.95 

.05 

.092 

.016 

.432 
.434 
.468 

.80 
.81 

' 

.85 

- 

.448 
.466 
.444 

.82 
.74 
.76 

•  Spiced. 
^  PerrariUooo. 


«  Align  inujn. 
'  Perrotitanitim. 
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TABLE  8.— Metallurgical  Details  of  Heate  Made  at  BetblefMOi  Steel  Co. 


HMt 


16600. 
16602. 
16657. 
16661. 


Weight 

TIma 
held 
■Her 

Splec«l 

Mlnr 
metel 

Scmp 

addhic 
deoH- 
dlzer 

Pounda 

Pranda 

m. 

3170 

37  000 

3500 

0 

3600 

42  000 

3500 

2 

3960 

97  000 

8000 

2 

3560 

38  000 

3500 

4 

TtaMof 


■BflOtB 

Mm* 
iallta« 


h.  a* 
1  4S 
1    5S 

1    45 

1    50 


NoTB.-^Size  of  ingots  ai  by  aj  by  64  iuches;  weight  of  ingots  6800  iKKinds. 

• 

Heat  16600  was  made  as  usual,  being  deoxidized  with  Spiegel; 
to  each  ingot  of  this  heat  5  ounces  of  stick  aluminum  was  added 
as  the  metal  flowed  into  the -mold.  Heat  16602  was  deoxidized 
with  ferrosilicon  added  in  the  ladle  after  the  Spiegel  addition; 
heat  16657  "^^  aluminum  in  the  ladle  after  the  Spiegel;  and 
heat  1 6661  with  ferrocarbon  titanium  (15.5  per  cent  Ti)  in  the 
ladle  after  the  Spiegel.  Every  other  ingot  of  the  last  three  heats 
received  aluminum  treatment  in  the  mold  in  the  manner  described 
for  heat  16600. 

All  the  ingots  were  rolled  into  rails  after  10  per  cent  top  and 
3  per  cent  bottom  discard  and  the  Bureau  was  supplied  with  the 

front  ends  of  the  first  rail  from  each 
ingot;  one  ladle-test  ingot  per  large 
ingot  was  also  taken  at  the  time  when 
each  large  ingot  was  one-half  poured; 
these  test  ingots  were  poured  from  a 
small  spoon  which  was  filled  by  holding 
it  beneath  the  stream  of  metal  flowing 
from  the  ladle  when  the  stopper  was 
nearly  closed.  Photographs  of  the 
faces  of  the  test  ingots  on  the  medial 
longitudinal  plane  are  shown  in  Pigs. 

'Big,  $.-^Diagram showing  positions  ^f  2,  3,  and  4. 

of  test  bars  in  rail  ends.  pQj.  making  the.  oxygen  determina- 

tions chips  were  milled  imder  oil  (as  described  in  the  cited  paper 
by  Cain  and  Pettijohn)  from  each  split-test  ingot  and  from 
some  of  the  corresponding  rail  ends.  Oxygen  was  also  deter- 
mined in  the  blown  metal  for  each  heat.  For  additional  in- 
formation test  bars  were  machined  from  the  rail  ends  and 
their  mechanical  properties  determined.  This  series  of  experi- 
ments was  expected  to  yield  information,  (i)  as  to  variation 
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of  Ledebur  oxygen  content  corresponding  to  the  different 
deoxidizers  used  tmder  comparable  conditions;  (2)  the  effect  on 
Ledebur  oxygen  content  of  further  aluminum  treatment  in  the 
molds;  (3)  the  combined  effect,  if  any,  of  preheating  for  rolling 
and  of  rolling  on  Ledebur  oxygen  content;  (4)  the  physical  prop- 
erties corresponding  to  the  different  methods  of  deoxidation, 
other  factors  being  approximately  the  same;  and  (5)  the  change 
in  these  physical  properties  caused  by  the  aluminum  treatment 
in  the  molds. 

Table  8  gives  the  Ledebur  oxygen  determinations  on  these 
samples  and  some  nitrogen  determinations.  Table  9  gives  the 
physical  properties  of  the  test  bars.  Before  machining  the  test 
bars  all  the  rail  ends  were  put  into  the  same  physical  condition 
by  heating  for  three-fourths  hour  at  800°  in  a  muffle  furnace  and 
cooling  in  the  furnace.* 

*  Some  disht  dtsnce  in  osyfen  oontent  may  Imve  been  cMiaed  by  this  treatment.    However,  it  would 
be  the  Mme  for  all  the  raiii  and  doca  not  affect  the  compariMn  of  dedpodizen  which  tliis  study  invdvet. 


266 


Scientific  Papers  of  ike  Bureau  of  Standards 


[Voi,  iS 


TABLE  9.— Detaaniiiatioii  of  Nitrogen  and  Oxygen  in  Steels  Made  by  the  Bethlehem 

Steel  Co. 


PeoThHier  need 

• 

InsoC  (eider  in 
wnkh  ponced) 

Treatment  in  mold 

Ounfio— 

Heat 

Inladle- 
teit 
faigot 

Inoorro' 

^ondinc 

rail 

Nitrocena 

16600 

Spiegel 

1 

5  ooncoa  Al  added. . . 
do 

Percent 
0.021 
.028 
.008 
.020 
.006 
.016 
.023 
.009 
.017 
.011 
.004 
.010 
.011 
.024 
.017 
.015 
.014 

Percent 

a  018 

.019 
.017 

Percent 

FenooQioon 

2 

a  0135 

3 

do 

.0135 

4 

do 

.0128 

5 

do 

.0145 

6 

do 

.019 

.0127 

Blown  metal 

1 

No  Al  added 

5  ounoea  Al  added... 

No  Al  added 

5  ooncoa  Al  added... 

No  Al  added 

5  oonoea  A!  added.. . 

No  Al  added 

do 

16602 

2 

.016 

3 

.0117 

4 

.012 

.0097 

5 

6.. 

.010 

Blown  metal 

16657 

1...-. 

2 

5  ooncoa  Al  added... 

No  Al  added 

5  ooncoa  Al  added. .. 
No  Al  added 

.0128 

.018 
.015 
.016 
.016 
.015 

.0104 

3 

4 

5 

5  ooncoa  Al  added. . . 

No  Al  added 

do 

.013 
.014 
.027 
.018 
.015 
.012 
.006 
.009 
.004 
.014 

6 .' 

Blown  metal 

16661 

1 

2 

5  ooncoa  Al  added. . . 

No  Al  added 

5  oonoea  Al  added. . . 

No  Al  added 

5  ooncoa  Al  added... 
No  Al  added 

do— 

.017 
.011 
.018 

<») 
.012 

3 

.0151 

4 

.0127 

5 

6 

Blown  metal 

a  The  nitraecn  detenninatioos  were  made  by  Louis  Jordan,  of  this  Bureau,  using  Allen's  method  Oocir. 
Iron  and  Steel  Inst.,  z88o,  p.  z8x),  with  mndifiratinnf,  which  will  be  described  in  a  subsequent  pax)er. 
This  method  gives  "combined"  nitrogen;  i.  e.,  that  present  as  nitride.  The  nature  of  the  particular 
nitride  or  nitrides  usually  ynunt  in  iteel  la  befaig  inTistlgated  at  the  Boieao. 
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IV.  GENERAL  DISCUSSION 

A  study  of  the  results  given  in  Tables  5  and  9  discloses  no  rela- 
tionship between  the  Ledebiu:  oxygen  content  and  (i)  the  various 
methods  of  deoxidation  used  in  the  ladle ;  (2)  the  alumimun  treat- 
ment in  the  molds;  and  (3)  the  effect  of  reheating  for  rolling  and 
of  rolling.  Nevertheless,  the  steels  in  each  case  had  physical 
characteristics  varying  somewhat  with  the  deoxidation  method, 
as  shown  in  Tables  6  and  10.  These  differences  are  not  completely 
accounted  for  by  other  factors,  such  as  heat  treatment  (which  was 
identical  for  the  steels  of  each  test)  or  by  chemical  composition, 
which  was  identical  for  all  the  ingots  made  at  Watertown,  but 
only  approximately  so  for  the  steels  made  at  Sparrows  Point. 
Evidently,  then,  the  Ledebur  method  does  not  measure  anything 
which  indicates  efficiency  of  deoxidation  in  such  steels.  Some  of 
the  reasons  for  this  are  described  by  the  authors  in  their  paper 
on  the  Ledebur  method  (loc.  cit.).  A  probable  explanation  is 
that  the  slags  produced  during  deoxidation  (e.  g.,  ferrous  silicates, 
ferrous  aluminates,  ferrous  manganous  silicates,  ferrous  titanates, 
etc.)  and  not  separated  from  the  steel  before  solidification  are 
responsible  for  some  of  the  differences  in  physical  properties 
shown;  such  slags,  in  general,  do  not  yield  their  oxygen  to  the 
Ledebur  method,  and  in  this  regard  the  method  fails.  As  shown 
in  the  cited  paper  by  the  present  authors,  the  Ledebtu:  method 
can  give  but  little  information  on  the  gas  content  of  steel  after 
deoxidation,  and  in  this  respect,  also,  it  adSords  no  help  in  studying 
the  efficiency  of  deoxidizers,  which  are  really  degasifiers. 
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TABLE  10.— Mechanical  Tests  of  Rail  Ends 

[The  (a)  and  (b)  refer  to  the  position  in  the  rail  from  which  the  test  bars  were  taken,  as  shown  in  Tig.  s) 


I>eoxidizer;  ttmtmunt  9l  InfOtB 


Heat  No.  16600  (Spiegel): 

S  omiOM  Al  In  moid 

Do 

Do 

Bieat  No.  16602  (fenotllloon): 
5  ounoes  Al  In  mold. 

No  Al  ill  mold 

5  oonoM  Al  fai  mold 

NoAlinmold 

Haat  No.  16657: 

Ahuninmn  In  ladle 

NoAllnnMld 

5  ouncea  Al  In  mold. 

NoAlinmold 

5  oonces  Al  In  mold 

Heat  No.  16661  ClenoHlanlnm): 
5  otmoee  Al  In  mdd 

NoAlinmold 

5  oonees  Al  In  mold 

NoAlinmold 

Avengee: 

16600 

16602 

16657 

16661 


TIeld 
point 


LtM./ln.* 

(a)  56  500 

(b)  57  200 

(a)  58  000 

(b)  59  800 

(a)  56  500 

(b)  58  000 

(a)  60  000 

(b)  61  500 

(a)  61  250 

(b)  58  250 
.(a)  57  500 
(b)  61  200 
(a)  58  250 
(b)61  300 

(a)  61  500 

(b)  59  000 

(a)  59  250 

(b)  58  500 
(a)  58  500 
(b)61  000 

(a)  58  250 

(b)  61  800 

(a)  61  750 

(b)  61  900 

(•) 

(b)  64  750 

(a)  59  500 

(b)  62  250 

(a)  60  000 

(b)  59  250 


57  600 
59  900 
59  700 
61  300 


TOmate 
itfewtth 


Lbe./ln.> 
97  000 
97  700 

97  000 
96  500 
96  500 
96  750 

103  000 

102  750 
100  250 
100  250 
100  250 
100  200 

98  000 
100  800 

103  750 
102  500 
102  500 
102  000 
106  750 

106  500 

102  750 

103  600 

113  500 
113  500 
108  800 
122  500 

107  500 
112  000 
105  750 

108  250 


97  800 
100  700 
103  800 
111  500 


Bbnga- 

tionin2 

iBClieo 


Percent 
24.5 


26.0 
23.5 
26.0 
24.0 

23.5 

210 
23w0 
23.5 
25.0 
26.0 
23.0 
22.5 

24.0 
25.5 

23.0 
23.0 
23.5 
23.0 
24.0 
28.5 

18.0 
19.5 
16.5 
16.5 
12.0 
18.5 
7.5 
18.5 


24.8 
23.9 
23L7 
15.9 


Redttc- 
lionln 


Per  cent 
46.5 
46.7 
45.0 
44.2 
47.5 
42.5 

45.0 
.  45.5 
44.5 
45.5 
45.5 
45.3 
43.S 
4L2 

44.5 
45.0 
43.0 
43.5 
4L5 
42.0 
43.5 
43.3 

36.0 
36.3 
29^6 
27.5 
15.5 
37,0 

lao 

35.5 


45.1 
44.5 
43.3 
2&5 


The  slight  variations  in  the  results  for  oxygen  on  the  various 
successive  ladle-test  ingots  of  a  heat  are  probably  due  to  segre- 
gation; the  most  unsound  test  ingots  (Figs,  i  and  4)  representing 
heats  deoxidized  with  Spiegel  and  ferrotitanium,  respectively,  are 
the  worst  in  this  regard ;  whereas  the  soundest  ones  (Figs.  2  and  3) , 
deoxidized,  respectively,  with  ferrosilicon  and  aluminum,  show  the 
least  oxygen  variation  in  the  successive  ladle-test  ingots. 
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The  pecuitar  results  obtained  by  the  use  of  f errotitamtun  in  the 
Bethlehem  Steel  Co.  steels  are  of  particular  interest.  They  indicate 
segregation  of  some  kind,  yet  the  analyses  of  successive  ingots  of 
this  heat  (see  Table  7)  for  constituents  other  that  oxygen  do  not 
show  excessive  segregation,  although  they  are  not  nearly  so  tmi- 
form  as  the  ingots  of  the  other  heats.  In  this  connection  it  is 
interesting  that  the  successive  ingots  of  the  heat  deoxidized  at 
Watertown  with  ferrocarbon  titanium  were  quite  uniform  as 
regards  physical  properties,  as  shown  by  the  data  in  Boylston's 
paper.  Only  0.003  V^  ^^^^  ^^  residual  titanium  was  found  in  the 
ladle-test  ingots  of  heat  16661,  so  that  none  of  the  properties  of 
this  steel  can  be  attributed  to  titanium  alloyed  with  it. 

The  results  communicated  by  Boylston  for  g£is  content  (loc. 
cit.)  of  the  various  ingots  made  during  the  test  at  Watertown 
could  not  be  used  by  htm  to  throw  any  light  on  the  efficiency  of 
the  various  deoxidizers.  These  results,  however,  did  not  repre- 
sent the  total  gas  content  obtained  by  melting  the  metal,  evacu- 
ating and  measuring  the  released  gases;  instead  they  were  ob- 
tained by  heating  the  steel  samples  to  1000^  for  30  hours  in 
vacuuo.  Just  what  proportion  of  the  total  gas  present  was 
obtained  in  this  way  is  not  brought  out  in  the  paper,  and  hence 
the  interpretation  of  the  results  is  difficult.  Work  is  now  in 
progress  at  this  Bureau  on  methods  for  determining  gas  in  steel 
by  melting  in  vacuuo. 

The  nitrogen  determinations  shown  in  the  last  colimm  of  Table 
9  are  given  in  this  paper  for  three  reasons:  First,  to  supplement 
the  determinations  of  gases  in  these  steels  made  by  Boylston, 
which  determinations  are  reported  in  his  paper.  The  nitrogen 
shown  in  Table  9  is  undoubtedly  to  be  added  to  Boylston's  results, 
since  the  method  he  used  would  probably  not  determine  this. 
Second,  to  throw  some  light  on  the  special  properties  claimed 
for  titanium  as  a  remover  of  nitrogen  in  steels.  As  far  as  the 
evidence  of  this  paper  goes — and  it  must  be  regarded  as  very 
incomplete — ^no  more  nitrogen  is  removed  by  titanium  than  by 
the  other  deoxidizers.  Third,  to  ascertain  whether  or  not 
aluminum,  by  the  formation  of  aluminum  nitrides,  facilitates 
removal  of  nitrogen.  The  results  here,  also,  are  negative,  but 
again  the  same  caution  shotdd  be  exercised  in  interpretation  of 
data. 
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The  authors  acknowledge  the  courtesy  of  officials  of  the  Water- 
town  Arsenal  and  of  Prof.  Boylston  for  opportunity  to  cooperate 
in  .their  investigation;  and  of  the  Bethlehem  Steel  Co.,  and  par- 
ticularly F.  F.  lines,  who  made  many  helpful  suggestions  and 
facilitated  the  work  in  every  way  possible.  They  are  indebted 
to  the  division  of  engineering  and  structural  materials  of  the 
Bureau  for  the  results  of  Table  10. 

V.  SUMMARY 

1 .  The  Ledebur  method  for  oxygen  did  not  indicate  significant 
differences  in  oxygen  content  in  steels  with  nearly  identical 
chemical  composition  and  heat  treatment  but  having  different 
deoxidation  treatments. 

2.  No  differences  in  nitride  nitrogen  were  shown  for  such  steels. 

3.  The  work  of  Boylston  cited  in  this  paper  showed  no  distinc* 
tive  differences  in  the  gas  content  of  such  steels  as  obtained  by 
heating  in  vacuuo  to  1000^  for  30  houis. 

4.  Judged  by  the  evidence  of  this  paper  and  that  of  Boylston, 
the  three  chemical  methods  just  named — ^being  those  much  used 
heretofore — are  inadequate  for  the  study  of  deoxidation. 

5.  Mechanical  tests  show  some  differences  in  quality  of  the 
steels  according  to  deoxidation  treatment,  but  these  differences 
are  not  marked  and  are  masked  somewhat  by  other  factors. 

Washington,  December  23,  1918. 


DEPARTMENT  OP  COMMERCE 


Scientific  Papers 


OF  TKB 


Bureau  of  Standards 

S.  W.  STRATTON.  Dirbotor 


No.  347 
HEAT  TR£ATM£irr  OF  DURALUMIN 

BT 

P.  D.  MERICA,  Physicist 

R.  G.  WALTENBERG,  Assistant  Physicist  ^ 

H.  SCOTT,  Assistant  Phyadst 

Bwntau  of  SUmdards 


ISSUED  NOVEMBER  15,  1919 


>i^ 


Mwi 


PRICE,  10  cxnrs 

Sold  only  by  the  Superintendent  of  Documents,  Gorernmcnt  Printing  OiBec 

Washington.  D.  C. 


WASHINGTON 
GOVERNMENT  PRINTING  OFFICE 

1919 


HEAT  TREATMENT  OF  DURALUMIN 
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I.  raTRODUCTION 

The  remarkable  phenomena  exhibited  by  the  aluminum  alloy 
known  as  duralumin  were  discovered  during  the  years  1903-1911 
by  A.  Wilm*' '  and  have  been  described  by  him  and  others.  •»  *•  •'  • 

The  unusual  feature  of  this  alloy  is  the  fact,  as  was  shown  by 
WihUi  that  it  can  be  hardened  quite  appreciably  by  quenching 
from  temperatures  below  its  melting  point  followed  by  aging  at 
ordinary  temperatures,  which  consists  merely  of  allowing  the 
material  to  stand  at  these  temperatures.  The  hardness  is  not 
produced  by  the  quenching  alone,  but  increases  during  the  period 

>  A.  Wilm,  Physical-Metalhirgical  invcstigadons  of  ahnninum  alloys  containing  magnesium,  MetaUurgie 
8»  II.  Mas;  I9ii> 

*  A.  Wifan,  The  hardening  of  light  almninum  alloys,  MetaUurgie.  8,  p.  650.  , 

*  In  M.  Cofan.  Dtirahmiin,  V«h,  Z.  Bdordering  dcs  GewerbefleiMes,  89,  p.  643;  1910. 

*  L.  M.  Cohn,  Changes  in  the  physical  properties  of  almninum  and  its  alloys,  with  spedal  reference  to 
dmalnmin,  BUctrotechnik  u.  MatdiinoihAU,  St,  p.  430;  19x3. 

*  I,.  M.  Cohn,  Duralumin,  Elektrotcchnik  u.  Maaditnenbau.  SO,  pp.  809,  839;  19x3. 

<  P.  D.  Herica,  Ahmiinum  and  its  light  alloys.  Circular  76  of  the  Bureau  of  Standards,  19x8,  also  Chem. 
and  Met.  Bng.,  1»,  pp.  xjs.  aoo,  339,  587,  635,  739,  780;  19x8. 
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of  aging,  which  may  be  from  one  to  three  days.  Cohn  (see  notes 
3  and  5,  p.  271)  gives  data  showing  the  increase  of  hardness  of 
duraltmiin  dming  aging,  after  quenching  in  water  from  about 
450^  C.  Upon  annealing  the  alloy  so  hardened  by  aging,  it  is 
softened  exactly  as  is  hardened  steel. 

The  composition  of  this  alloy  usually  varies  within  the  following 
limits: 

Percent 

Copper 3-4-5 

Magnesitun a  4—1.  o 

Manganese o    —a  7 

Alnminum Balance 

Iron  (as  impurities) a  4—  i 

Silioon  (as  impurities) o.  3— a  6 

Its  density  is  about  2.8.  It  is  used  only  in  the  forged  or  rolled 
condition. 

This  alloy  has  been  produced  for  some  years  commercially  and 
is  in  demand  for  the  fabrication  of  parts  for  which  both  lightness 
and  strength  are  required,  such  as  for  aircraft.  Its  tensile  strength 
will  average  50  000  to  60  000  pounds  per  square  inch  after  appro- 
priate heat  treatment,  such  as  that  described  by  Wilm. 

With  the  purpose  of  ascertaining  whether  the  heat  treatment 
described  by  him  actually  developed  the  best  mechanical  proper- 
ties possible  for  duralumin,  the  authors  tmdertook  a  study  of  the 
effect  of  variation  in  heat-treatment  conditions,  that  is,  quenching 
temperature,  aging  temperattu^,  etc.,  upon  these  properties  and, 
in  connection  with  another  investigation,'  a  study  of  the  effect  of 
chemical  composition  upon  them. 

E.  Blough  had  already  called  the  attention  of  one  of  the  authors 
to  the  fact  that  the  amount  of  hardening  produced  by  heat  treat- 
ment was  influenced  quite  markedly  by  the  temperature  from 
which  the  material  was  quenched,  a  most  interesting  fact  which 
was  not  brought  out  by  Wilm's  published  investigations,  which 
mentioned  merely  the  effect  of  aging  after  quenching  from  one 
temperature,  in  the  neighborhood  of  450**  C. 

An  explanation  was  sought  also  for  the  mechanism  of  hardening 
during  aging  of  this  alloy,  and  additional  data  were  obtained 
bearing  upon  this  phase  of  the  matter. 

The  experiments  here  described  were  carried  out  partly  in  the 

laboratories  of  the  Bureau  of  Standards  and  partly  in  cooperation 

•  

Y  p.  D.  MericA.  R.  G.  Wattenberg,  and  A.  N.  Ffam.  The  tensile  properties  and  reriatance  to  corrosion  ol 
foHed  light  alloys  of  ahiminom  and  nncncsium  with  copper,  with  nidcel,  and  with  manganese,  Techno- 
locic  Paper  No.  xja  of  the  Bureau  of  Standards,  X9X9> 


Aftrka,  WalUnbtrgt 
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with  the  Aluminum  Company  of  America  in  its  laboratories  at 
New  Kensington.  The  alloys  used  were  prepared  at  the  New 
Kensington  plant  of  this  company,  and  the  authors  wish  to  express 
their  appreciation  of  the  assistance  and  cooperation  which  has 
been  given  throughout  by  this  company  through  E.  Blough, 
chief  chemist.  H.  H.  Beatty  of  Mr.  Blough's  staff  was  active  in 
assisting  this  work. 

n.  COMPOSITION  AND  PREPARATION  OP  ALLOTS 

In  Table  i  are  given  the  chemical  compositions  of  the  alloys  of 
the  aluminum-copper-magnesium  series  which  were  used  in  these 
experiments.  The*  ingots,  1 2  by  24  by  3  K  inches,  were  rolled  hot 
at  about  410^  C  to  jk»  inch  thick  and  thereupon  cold  rolled  to 
0.081  inch  (12  B.  &  S.  gage),  annealed  at  about  425^  C,  rolled 
cold  to  0.051  inch  (16  B.  &  S.  gage),  annealed  again  and  cold 
rolled  to  0.032  inch  (20  B.  &  S.  gage).  The  casting  and  rolling 
was  done  at  the  New  Kensington  plant  of  the  United  States 
Aluminum  Co. 

TABLB  1.— Chemical  Composltloii  of  Alloys  ^ 


• 

Namber 

^a  fn/fmh:f^ 

Copper 

Inn 

SiUcon 

CI 

97.27 
96.69 
97.15 
96.65 
96.11 
96.72 
96.62 
96.68 
95.98 
95.83 
95.51 
95.74 
95.48 
96.80 
94.36 
94.47 

1.16 
2.37 

llQoa 
2.84 

None 
2.03 
1.00 
1.07 
3.50 
2.95 
1.26 
.46 
.64 
1.06 
1.06 
1.06 

a  72 

.04 
2.15 

.04 
3.19 

.72 
1.80 
1.67 

.06 

.74 
2.56 
3.18 
3.22 
1.56 
3.74 
3.68 

0.56 
.62 
.36 
.27 
.40 
.30 
.35 
.33 
.26 
.27 
.41 
.34 
.30 
.32 
.52 
.50 

0.29 

C2 

.28 

C3 

.34 

G4 

.    .20 

C5 

'    .30 

ce 

.23 

c? 

.23 

Ct 

.23 

C9 

.18 

cw. 

.21 

en 

.22 

C12 

.24 

Ai-12 

.27 

B3 

.26 

H84 

.30 

B4 

.29 

e  Aluminum  by  difference. 

ni.  HEAT  TREATMENT  AND  AGING 

Tensile  tests  and  sderoscope  measurements  were  made  upon 
specimens  taken  (i)  from  the  sheets  as  rolled,  (2)  from  the  rolled 
sheets,  annealed,  and  (3)  from  the  rolled  sheets  after  heat  treat- 
ment consisting  of  heating  to  various  temperatures  in  a  gas  or 
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electric  furnace,  quenching  in  water,  and  aging  at  room  or  other 
temperatures  for  different  periods.  The  results  of  these  tests  are 
given  in  Table  2. 

TABLB  2.— The  Tensile  Properties  and  Scleroscope  Hardness  of  Rolled,  of  Annealed, 
and  of  Heat-treated  Almninum-Copper-lfa^oesiaiii  Alloys 


AflxoUad 

AIlw  aniiMaiaf  at  422*  C 

Number 

• 

Sdhwo- 

hardoMS 
magnl. 

Tonslle 

XloBca- 

ttonln 

21ndiM 

Scleio- 

flCOM 

lurdnats 

Twufle 
Btranctli 

Xlfloga- 

ttanfa 

2i]icliM 

42 

19 

35 

37 

34 

38 

44 
38 

38 

45 

50 
31 

49  000 
48  400 

48  600 

49  600 
25  800 
23  600 

1       23600 

34  900 

35  700 

34  000 
88  400 
38  600 
37  200 

35  900 
37  500 

37  700 
I       35300 

38  500 
38  100 

44  200 

45  500 
45  300 
38  100 
38  100 
41200 

43  200 
41200 

[       44800 

44  600 
47  500 
56  700 
52  900 
58  400 
38  900 
38  600 

Pwoent 
2.0 
2.5 
2.5 

2.5 
4.0 
3.0 
3.5 
2.5 

15.5 

7.5 
7.0 

10.5 

1 
8.0 

13.0 

17.0 
12.5 

12.0 

12.0 

15.3 
7.5 

33  000 
33  100 
32  700 

Per  cant 

Cl 

15.0 

14.0 

C2 

[        16  600 

15  900 

16  100 
21600 
21800 

[       22000 
29  200 
29  200 
29  400 

I       23  000 
22  400 
22  800 

[       30500 
29  900 
30800 

35  300 
34  600 
34  800 

28  500 

29  100 
31600 
31200 

30  500 
30  600 
30  200 
30  200 
34  900 

36  000 

35.0 
85.9 

33.0 
31.0 
33.0 

C3 

1.5 

33.5 

18.0 

C4 

1.5 
1.5 

18.0 
21.0 
30.0 

C5 

2.5 
2.0 
1.0 
0.5 
1.5 
2.0 
2.0 

28.5 

a2.s 

C6 

u.e 

26.8 
2S.S 

25.8 

C7 

C8 

1.5 

18.S 

18.5 

C9 

1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
2.0 
1.5 
2.0 
5.0 
5.0 

17.5 
17.5 

CIO 

19.0 

i9.e 

Cll 

i7.e 

20.5 
24.0 

C12 

23  100 
23  000 

1 

24.0 

24.0 

]         Heat  Treatment  of  Duralumin 
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2.— Tlie  Tenaito  PropertieB  and  Sclaroaeope  Birdness  of  RoUad,  of  Aimaaled. 
and  of  Haat-traatad  Almniniiin-Coppar-magiiaaiqm  AUoya-~Contmii6d 


After  hMt  treatmAnt  coosistinf  of  qnmifihing  in  water  and  aglnc 

QaandMd  tram  478*  C 

Qvoiclied  tram  510*  C 

■Mta 

Acini 

Ocloioacoiwi 

hardnon 

niafntfjfinc 
hanmMr 

TanaDe 
atrangih 

Slanaa' 

ttenC 

2 

Aginc 

Sdaiaaoopa 

harrtnwMt 

magnlfyinc 

TenaUa 
stcaogdi 

Blonca- 
Uonni 

2 
Inchaa 

*5r 

IW 

20* 

Afad 

at 
110* 

20* 

CI 

D«ya 

11 
11 
11 

20 
8 

11 
14 
15 
14 

23.5 

26 
28.5 

15 

14 

28 

31 

,    19-23 

LbaVbL* 

36  870 

37  080 
36  260 

P.Ct. 
18.5 
17.0 
14.0 

Dm 

• 

3 
3 

3 

3 

3 
3 

3 
3 

3 

3 

3 
3 

3 

3 

Daya 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

* 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

17 
27 

8 

11 
11 
14 

14 

15 

26 

24 
35 

22 

32 

13 
14 
14 
26 
29.5 
34 

25-28 
26 

Lta./ln.* 

38  030 
37  220 

48  120 
47  210 
16  670 
16  670 
16  510 
16  510 

26  350 

27  690 
29  420 
27  790 
30060 

29  700 
31590 
31350 
31960 

30  500 
30  910 
33  970 
33  370 
33  950 
43  190 

43  560 
45650 
45  740 

53  970 
52  250 

44  130 
44  910 
49680 
51530 

29  120 
1    29500 

30  270 
30  270 
37  430 
37  630 
47  690 
47  690 
51520 
50  870 

54  740 

55  590 
42  370 

39  340 

49  230 
49  830 

P.cC 

17.0 
16.5 

«^      aasaaaasa 

16.0 
18.5 

cx 

1 

11 
11 
11 

16  830 
16  510 
16  510 

39.0 
38.5 
38.5 

34.0 
33.0 

28.0 
33.0 

CS  - 

11 
11 
11 

28  020 
25  810 
25  440 

15.5 
25.0 
25.0 

19.0 

11.5 

20.0 
19.5 

Ol 

1 

11 
11 
11 

1    29300 

28  910 
30  280 

20.0 
20.0 
22.0 

23.0 

16.5 

19.0 
20  0 

CS 

' 

11 
11 

33  220 
32  580 
31930 

15.0 
18.5 
16.0 

15.5 
14.0 

19.0 

CI 

11 
11 
11 

31050 
33  790 
31640 

20.0 
19.0 
17.5 

17.0 
23.5 

18.5 
18.0 
18.5 

19.5 

or 

1 
' 

11 
11 
11 

42  350 
42  530 
42  350 

21.0 
21.0 
21.0 

20.0 

f^ 

7 

7 

1 

13 
13 
6 
6 
11 
11 
11 

46  400 

47  030 

48  900 
47  650 
31790 
30  450 
30  070 

19.5 

24.  S 
23.0 

Gi 

20.0 
22.0 
21.5 
18.0 
14.0 

3 
3 

3 
3 

3 
3 

19.5 
17.0 
21.0 
22.0 

23.0 
22.0 
'    24.5 
21.5 
21.5 
22.5 
21.0 

Qa 

11 
11 
11 

.38  030 

37  630 

38  430 

26.0 
25.0 
22.5 

■ 

7 
7 

13 
13 
6 
6 
11 
11 
11 

50  450 
48  950 

51  740 
50  880 
38330 
38  730 
35  910 

cm 

Ctt 

22.0 
22.0 
22.0 
14.0 
13.5 
12.5 

3 

3 

3 
3 

24.0 
23.0 
20.0 
14.5 
16.5 
26.5 
25.5 

% 

1 
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TABLE  2.— The  Tensile  Properties  and  Scleroecope  Herdneae  of  Rolled,  of  Annealed, 
and  of  Heat-treated  Altiminum-Copper-lIigneaiiun  Alloya — Continued 


After  hMt  treatment  oonslstiiig  of  qnenchlnc  In  water  and  aginf— Contlnned 

Qnencbed  from  520"  C 

Qnandied  from  525*  C 

ITiimber 

Aged 

at  20* 

Sdeieacope 
hardneta 

Tensile 
strength 

Bknn- 

tlenla 

2 
infhtf 

Aging 

SderssooM 

ouignttytng 

Tmsite 
strengUi 

Blonga- 
tlontai 

1 
Inches 

Aged 
at 

IW 

Aged 

at 

20* 

CI 

Dayi 
11 
11 

....... 

11 

11 
11 

11 
11 

11 
11 

11 
11 

11 
11 

11 
11 
11 
11 

11 
11 

1 

11 

11 

1 

18.5 

8 
13 
12 
14 
17 
25 
25.5 
13 
14.5 

• 

Lbs./in.« 

[    36  870 

36  910 

P.ct 

18.5 
19.0 

Days 

3 
3 

3 
3 

3 
3 

3 
3 

3 
3 

3 
3 

3 
3 

3 
3 

• 

3 

3 

3 
3 

Days 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

11 

11 

8 

8 

16 
27 

8 

13 

10.5 

12 
17 

10.5 
12 
15 
26 

16 

35 

25 

31 
13 

18 

15 
26 

Lbs.^* 
37  220 

1    38  130 
50  140 
49  930 
16  350 
16  870 

16  980 

17  340 
28  550 

28  640 
26  800 

26  980 
29600 

29  100 
34850 
35  350 
29  540 
32  490 
28  170 

27  960 

34  960 

35  470 
47  580 

45  840 
46850 

46  760 
54  170 
56  110 
46  520 
46  030 
53440 
53  000 
33790 
32  510 
84  800 

34  890 

35  160 
85430 
44260 
46  450 

P.ct. 
14.0 
17.0 

17.0 

17.5 

C2 

13  970 

14  290 

37.0 
35.0 

35. 0 

81.0 

30.0 

C3 

24  700 

25  440 

18.5 
21.0 

23.0 

17.5 

20.0 

C4 

27  540 
27  150 

22.0 
20.0 

20.5 
22.0 

17.0 

16.  S 

C5 

29  ISO 
29  580 

13.0 
16.0 

19.0 
16.5 

23.0 

26.0 

C6 

36  140 
33  990 

21.5 
19.5 

17.5 
18.0 

30.5 

16.5 

C7 

42  530 
42  160 

22.5 
22.5 

20.5 
19.5 

21.0 

19.0 

C8 

45  160 
44  720 
44  720 
44  070 
I    29500 
30  070 

26.0 
25.0 
21.0 
22.0 
22.5 
19.5 

23.0 
25.5 

C9 

2L0 
19.0 
21.0 
17.5 

17.5 

18.0 

CIO 

37  430 

38  230 

23.0 
22.0 

22.5 
22.0 

19.9 

20.0 

CU 

1 

CU 

I         3 

11 

11 

8 

22 
26 

42  660 
36  500 

50  890 

14*0 

19.9 
23.0 
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All  of  the  eJloys  except  those  containing  no  copper  (Nos.  C2 
C4»  and  C9)  show  an  increase  of  hardness  of  the  hest-treated  speci- 
mens over  that  of  the  annealed  samples.  The  increase  of  hardness 
in  those  alloys  containing  copper,  but  no  magnesitim,  is  smaller 
than  that  in  those  containing  both,  but  is  quite  definite.  This  is 
dftown  in  the  following  table : 


Hvmbtr  «la]to]r 

locfMM  of  tan* 

■Ho  fltnocCli 

ofhMt-trMtod 

aJtoy  (510*  C) 

ovw  mnealed 

alloy 

C2.>....... 

fODcapptf: 

1 

Porcont 
+  2 

04. 

+  3 

C9..«......                                       -             

-  4 

ifcopptf  bm  niiiyij 

pmhuB: 

+90 

+36 

CI 

ig  tttti  BOf  jM  md  a 

45 

cu 

56 

cu 

110 

k 

It  is  noticed  that  the  best  mechanical  properties  are  produced 
by  quenching  from  the  higher  temperatures  (500  to  525®  C) .  This 
is  shown  in  Table  3,  giving  further  data  on  two  alloys,  C8  and 
Ci I,  and  will  be  shown  more  clearly  below. 

121040''— 19 — 2 
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TASLB  3.— Effect  of  Qtienching  Temperature  on  Tensile  Pioperties 


t«mpeiatnn 


87fC. 


422*  C. 


478»C. 


500*  C. 


510*  C. 


520^  C. 


525*  C. 


533*  C. 


AOofCS 


20*  C 


Days 

13 

13 

7 

7 

13 

13 

7 

7 

13 

13 

7 

7 


( 


1 


11 

11 

11 

11 

8 

8 

11 

11 

11 

11 

11 

11 

8 

8 

13 

13 


110*  C 


Days 


6 
6 


Sden- 

SC0p6 

taaid- 


6 
6 


1" 

1 
1 


6 
6 


I    27 


3 
3 


3 
3 


23 
23 
26 
28.5 


TTttfanato 
strensth 


22* 


I" 


25.5 


25 


l» 

|30-35 


Lbs^ln-* 

27  260 
26  220 
29  130 
29  130 

39  540 

40  160 

41  200 
41  200 

46  400 

47  030 

48  900 
47  650 
47  230 
47  860 
44  130 

44  910 

49  680 
51  530 

45  160 
44  720 
44  720 
44  070 

46  520 
46  030 
53  440 
53  000 
34  960 
40  570 


BkuuHi* 

tftonta 

2inclies 


Perct. 
16.0 
18.0 
18.5 
20.0 
12.0 
13.5 
17.0 
22.0 
19.5 


AUofCU 


20*  C 


20.0 
22.0 
18.5 
20.5 
24.5 
23.0 
19.5 
17.0 
26.0 
25.0 
21.0 
22.0 
23.0 
25.5 
21.0 
19.0 
5.0 
9.0 


Days 

13 

13 

7 

7 

13 

13 

7 

7 

13 

13 

7 

7 

11 

11 

11 

11 

8 

8 


110*C 


Days 


6 
6 


6 
6 


6 
6 


hard- 
nei 


1- 
i« 


3 

3 


13 
13 


29.5 


I" 


stramth 


35  900 

36  550 

35  020 
35  020 
43  790 

43  360 

44  010 
43  580 
50  450 
40  950 
51740 

50  880 
52  990 
52  590 

51  520 
50  870 

54  740 

55  590 


!- 


I  47 


370 
060 


cC. 
19.0 
17.0 
21.0 
21.0 
IS.5 
U.5 


24.0 


22.0 
22.0 
22.0 
20.5 
21.0 
21.0 
24.0 
23.0 
20.0 


9.5 

10.0 


Not  only  does  the  hardness  mcrease  after  heat  treatment,  but 
so  also  does  the  ductility,  as  evidenced  by  the  elongation  in  tbe 
tensile  test    This  is  shown  in  Tables  2  and  3. 

1.  EFFECT  OF  QUENCHING  TEMPERATURE 

In  Fig.  I  are  shown  the  scleroscope  hardness  values  of  Cii 
quenched  in  water  (20^  C)  from  different  temperatm-es  and  aged 
at  room  temperature  for  periods  of  time  from  a  few  hours  to  30 
days.  The  form  of  these  aging  curves  is  similar  to  that  shown  by 
Cohn  (see  notes  3  and  5  on  p.  271) ;  that  is,  the  hardness  increases 
after  quenching,  at  first  rapidly  and  then  more  slowly.    It  is  fur- 
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ther  evident  that  the  maviTnnm  hardness  attamed  increases  with 
the  temperature  up  to  approximately  520*  C. 

The  effect  of  quenching  temperature  is  also  shown  very  nicely 
in  an  experiment  of  which  the  results  are  shown  in  Fig.  2.  Two 
strips  of  0.087-inch  sheet  of  alloy  N34  were  used.  The  strip  was 
placed  in  the  furnace  for  htating  in  such  a  manner  that  a  nearly 
linear  temperatm^  gradient  existed  between  the  two  ends,  as 


M. 

' 

\ 

\ 

\ 

s- 

■  \ 

\ 

\ 

\ 

\ 

\ 

} 

[ 

/ 

i 

r" 

L*^« 

■K^ 

-(#«&. 

),-,, 

»u/M>/ 

..^ 

M^*/; 

s.  ^ 

shown  by  thermocouples  placed  along  the  strip.  Upon  attaining 
the  desired  range  of  temperatures,  the  strip  was  quenched  in 
boiling  water  and  aged  20  hours  at  110°  C.  The  scleroscope 
hardness  was  then  determined  along  the  axis  of  the  strip,  and  is 
shown  in  Fig.  2  as  a  function  of  the  distance  from  one  end  of  the 
sample.     The  distance  may  be  regarded  as  a  rough  temperature 
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scale,  the  outside  temperature  limits  having  been  determined  and 
marked  on  the  curve.  One  strip  was  quenched  when  the  two 
ends  were  at  520  and  280**  C,  respectively;  the  other,  when  the 
ends  were  at  490  and  210°  C,  respectively.  Beginning  at  about 
300^  C,  the  effect  of  increased  quenching  temperature,  other  fac- 
tors remaining  alike,  is  to  increase  the  hardness  after  aging  tmtil 
a  temperature  of  about  520^  C  is  reached.  Beyond  that  temper- 
ature the  hardness  again  decreases ;  the  material  becomes  covered 
with  a  dark  gray  oxide  coating  and  generally  also  with  blisters, 
marking  the  temperature  of  eutectic  melting.  The  effect  of  heat- 
ing to  temperatures  around  300^  C  is  chiefly  to  anneal  the  specimen 
and  to  give  lower  values  of  the  hardness  (minimum  on  the  ctuve) 
than  is  given  by  heating  at  lower  temperatm-es. 

2.  EFFBCT  OF  AGING  TEHFBRATURB 

In  Table  4  are  given  results  of  tests  showing  the  effect  of  tem- 
perattu'e  of  quenching  bath  and  of  aging  carried  out  in  the  batk. 
The  samples  used  were  strips  of  A1-12  quenched  from  520®  C. 
The  increase  of  strength  with  time  of  aging  is  evident. 
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A  more  complete  picture  of  the  phenomenon  of  hardening  by 
aging  at  different  temperatures  is  obtained  from  Pigs.  3,  4,  and  5, 
based  upon  data  obtained  on  specimens  of  N34.  The  sclerocsope 
values  of  Fig.  3  were  obtained  upon  samples  quenched  in  boiling 
water  from  two  temperatures,  515  and  525^  C,  and  aged  at  differ- 
ent temperatures.  The  same  figures  are  replotted  in  Fig.  4  in 
different  form. 


«/'  ^fitf   *»  Jf^yj. 


Flo.  3.—. 


Effect  of  aging  ai  different  temperatures  on  the  scleroscope  hardness  of  samples 
quenched  from  sis^'C  and  S2s'^C,    {A  lloy  N-34) 

It  is  noted  (i)  that  the  rate  of  hardening  increases  as  the  tem- 
perature of  aging  increases,  (2)  that  the  maximtun  hardness  is 
obtained  by  aging  at  temperatures  above  100^  C,  and  (3)  that  at 
aging  temperatures  above  140^  C  the  hardness  eventually  drops 
after  reaching  its  tnaYitni im 
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F^.  5  shows  the  results  of  an  experitnent  stinUar  to  that  of 
Fig.  2.  The  strips  were  quenched  from  515°  C  in  boiling  water 
and  aged  for  20  hours  thereafter  in  a  furnace  giving  a  temperature 
gradient  from  one  end  to  the  other  of  the  sample.  For  a  time  of 
f^ing  of  20  hours  the  hardness  first  increases  with  the  temperature 
to  a  maximum  at  about  180°  C  and  then  decreases.  Above  this 
temperature  annealing  sets  in. 


3.  BTPECT  or  TEHPSRATURE  OF  QUBHCHING  BATH 

Table  5  shows  the  effect  of  temperature  of  the  quenching  bath 
upon  samples  of  A1-12  quenched  from  520*  C. 

It  is  noticed  that  the  tensile  strength  of  the  alloys,  as  well  as  the 
elongation,  increases  with  the  time  of  aging.  There  is  no  marked 
1210*0°— 19 — 3 
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effect  of  the  temperature  of  the  quenching  bath  mdicated  in  these 
results.  Those  samples  quench^  to  150®  C  gave  practically  the 
same  results  as  those  quenched  to  230^  C,  although  there  is  a 
slight  improvement  in  the  tensile  properties  of  those  quenched  to 
150*^  C  over  those  quenched  to  100®  C. 

In  Table  6  are  shown  results  of  tests  to  determine  the  effect  of 
aging  at  room  temperature  after  aging  at  the  temperature  of  the 
quenching  bath.  It  will  be  noted  that  there  is  only  a  slight 
increase  in  the  strength  of  the  alloy  produced  by  aging  at  20*^  C 
after  aging  at  the  temperature  of  the  quenching  bath. 
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f^Hcafect  foS/S^Cj  coo/ed   to  tefpiJb^ratLiry^ 
mcficatecf^  ^ijcr9c/9^€t  /n  4>o///n^   n^^tet^, 
a  feet   J6/  ifay^  at  /ZS^C 
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500  ^50  ¥00  JSO  JOO 

<i44enchiny      Temperature  ^C 

Fio.  8. — Comparison  cf  scleroscope  hardness  of  specimens  of  Alloy  N-34,  (i)  heated  to 
quenching  temperature,  quenched  and  aged  y  days  at  130^  C,  and  {2)  heated  to  s^S^  C, 
cooled  to  quenching  temperature,  quenched  and  aged  21  days  at  125^  C 
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4.  EFFECT  OF  PRIOR  HEATING  AT  THE  QUENCHING  TEMPERATURE 

Fig.  6  3hows  the  results  of  hardness  measurements  on  samples 
held  at  the  quenching  temperature  for  varying  periods  of  time 
quenched  and  aged  at  170°  C.  The  samples  held  from  5  to  180 
minutes  at  the  quenching  temperature  give  values  of  the  hardness 
differing  by  less  than  the  probable  error  of  measurement.  The 
low  values  found  on  the  sample  held  21  hours  are  due  probably 
to  t^ie  blistering  which  was  noticed  in  the  sample. 

5.  EFFECT   OF   PREHEATING  TO  515*"   C  BEFORE   QUENCHING  FROM 

LOWER  TEMPERATURES 

In  Figs.  7  and  8  are  shown  the  results  of  experiments  to  deter- 
mine whether  preheating  to  a  temperature  higher  than  the  quench- 
ing one  before  quenching  gave  a  different  hardness  than  by  heating 
merely  to  the  quenching  temperature. 

Although  owing  to  a  slight  difference  in  the  aging  conditions  the 
comparison  is  not  quite  definite,  it  is  obvious  (i)  that  the  hardness 
obtained  by  heating  to  515^  C,  cooling  to  a  temperature,  ^(when 
/<5i5^  C),  and  quenching  is  always  greater  than  that  obtained 
by  quenching  from  /®,  and  (2)  that  whether  the  specimen  is  pre- 
heated or  not  to  a  higher  temperature  before  quenching  from  some 
lower  temperature  the  hardness  obtained  increases  with  higher 
quenching  temperatures. 

IV.  MISCELLANEOUS  TESTS 

In  Table  7  are  &hown  the  results  of  a  number  of  tests  of  alloy 
N34,  including  determinations  of  the  proportional  limit  of  several 
heat-treated  samples. 
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TABLE  7.— Effect  of  Yujing  Aging  Teo^ienitare  and  Tune  of  Aging  on  the  Tensile 
Properties  of  Aluminum  AII07  Sheet  <^  (Alloy  N34) 


Sclero- 

« 

Ro. 

Thick. 

of 
■heet 

Heat 

tTMtmHlt 

quenched 

Afled 
at— 

Aied 

■cope 
hard- 
neia 
magnl- 
ftrin* 
ham- 

TTlttmate 
strencth 

Propor- 
tional 
limit 

Elon- 
gation 
fai2 
lnflioa 

1 

mer 

Inch 

•c 

•c 

Days 

Lbs./faLS 

Lbs./ln.> 

Perct 

14 

«  0.034 
.034 

«  515 
515 

0 
0 

26 
26 

17  000 
17  000 

5 

6 

15 

38  200 

Do. 

24 

.034 

515 

105 

2 

39 

52  900 

27  000 

7 

Do. 

25 

.034 

515 

105 

2 

39 

54  900 

29  000 

7 

Do. 

26 

.034 

515 

105 

39 

55  500 

27  000 

9 

Do. 

27 

.034 

515 

105 

39 

55  200 

26  000 

8.5 

Do. 

28 

.034 
.034 

515 
515 

105 
105 

38 
38 

63  200 
56  200 

23 
9 

29 

29  000 

Broke  at  eKteoaomeliBr  ooolacta 

30 

.034 

515 

105 

42 

61  aoo 

30  000 

16 

Bxtenaometer  attached  to  flat  rar- 
faces.   Broke  at  gage  point. 

31 

.034 

515 

105 

41 

60  600 

29  000 

14.5 

Do. 

32 

.034 

515 

105 

40 

62  200 

31  000 

21 

^fjo^fi»fP<^»iif  BttHfhfMl  to  ^^t  wr* 

faces. 

33 

.034 

515 

105 

41 

61  600 

33  000 

23 

Do. 

16 

.034 

515 

125 

41-46 

49  500 

27  000 

2.5 

Broke  Mt  extenaometer  eootact. 

17 

.034 

515 

125 

42-50 

54  500 

32  000 

3 

Do. 

18 

.034 

515 

125 

45-50 

58  200 

30  000 

3 

Do. 

19 

.034 

515 

125 

45-50 

58  500 

33  000 

4 

Do. 

20 

.034 

515 

125 

♦4-47 

60  000 

39  000 

4.5 

Do. 

21 

.034 

515 

125 

42-48 

58  000 

37  000 

4 

Do. 

34 

.087 

515 

125 

46-50 

61  200 

32  000 

18 

Xxtanaomelar  attached  to  flat  snr- 
face. 

35 

.087 

513 

125 

47-^2 

62  000 

31  000 

18 

Do. 

22 

.034 

515 

125 

47-^2 

64  900 

37  000 

11 

Do. 

23 

.034 

515 

125 

47-54 

61  500 

35  000 

3 

Bxtenaometer  attached  to  Hai  aor- 
ace.    Fractored  at  bliater. 

2 

.034 
.034 
.034 
.034 

515 
515 
515 
515 

150 
150 
150 
150 

50 
49 
50 
50 

51  110 
50  940 
59  800 
61500 

16 
16.5 
11.5 
6 

No  exlenaioa  meaanremenlB* 

Do. 

Do. 

41000 

.034 
.034 

515 
515 

150 
150 

50 
50 

63  800 
62  200 

6 
6.5 
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43  000 

Bn«ke  at  extenaometer  contact. 

.087 
.034 
.034 
.034 
.034 
.034 
.034 

515 
515 
515 
515 
515 
515 
515 

170 
170 
170 
170 
170 
170 
170 

50 

51.5 

51.5 

51.5 

44 

44 

63  900 
51  420 
51  850 
50  760 
58  200 
55  500 
57  300 

10 

10.5 

10 

9.5 

9.5 

5 

6 

Do. 

Do. 

10 

Do. 

11 

Do. 

12 

Do. 

13 

34  000 

Broke  at  extenaometer  contact. 

0  Where  two  valuea  of  the  hardneaa  are  givett  the  lower  one  shows  the  hardness  of  the  end  near  the  door 
of  the  furnace  in  which  the  sample  was  heated  for  quenching,  and  the  other  value  is  the  harincss  of  the 
Opposite  end.  the  difference  in  hardness  being  the  result  of  a  temperature  gradient  in  the  furnace.  The 
q>edmens  in  this  condition  all  broke  at  the  soft  end  and  hence  their  tensile  properties  are  hardly  as  high 
as  can  be  expected  of  the  material. 
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Inasmuch  as  so  many  of  the  tests  made  during  this  investigation 
were  measurements  of  scleroscope  hardness,  a  comparison  was 
made  between  the  hardness  and  the  tensile  proportional  limit  of 
some  specimens  of  N34  during  aging  at  two  temperatures.  The 
results  are  shown  in  Fig.  9,  and  it  is  noted  that  the  curves  in  each 
show  quite  close  parallelism. 
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Fko.  9. — Comparison  during  aging  of  scleroscope  hardness  and  tensile  proportional  limit. 

{Alloy  N-34) 

Experiments  were  conducted  on  specimens  of  A1-12  to  ascer- 
tain whether  the  hardening  during  aging  could  be  hastened  by 
vibration.  The  results  of  several  such  tests  in  which  the  vibration 
was  produced  by  a  bell  clapper  indicated  that  there  was  no  differ- 
ence in  the  rate  of  hardening  between  vibrated  and  quiet  specimens. 
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1.  DENSITY  AND  DILATATION 

The  density  was  determined  of  samples  of  N34  in  different  con- 
ditions, and  Table  8  gives  the  results  of  these  tests.  In  some  cases 
one  dimension  of  the  specimen  was  determined  also,  and  its  changes 
recorded  in  coltmm  4  of  the  same  table.  The  changes  in  density 
are  quite  small  as  the  material  undergoes  heat  treatment  or  anneal- 
ing, except  when  the  temperature  exceeds  from  520  to  530^  C,  the 
temperature  of  eutectic  melting,  when  a  marked  increase  in  length 
is  noted. 

TABLE  8.— The  Density  and  Length  Changes  hi  Duxalumhi  (N34) 


Sample 


N34D1... 
1134  Dl... 
K34D2... 
2134  D3... 
]f34D3HU 
1134  D3-«. 
ir34I>4... 
N34I>4-a. 
N34D4-«. 
N34D5... 
lV34D5-a. 
S34  DS-«. 


Treatment 


QtModiad;  noCafed 

Same  tm  above^  after  acing  at  ISO*  C. 

Amiealed,  after  roIUng,  at  515*  C 

AaroUed,  0.033  inch  thick 

Same  alter  annealing  at  500*  C 

Annealed  at  530*  C 

Aa  relied,  a068  inch  thick 

Same  alter  annealing  at  500*  C 

Annealed  at  530*  C 

AaroUed,  0.25  faich  tuck 

Same  after  annealing  at  500*  C 

Annealed  at  530*  C 


Density 


2.762 
2.762 
2.759 
2.754 
2.742 


2.750 
2.747 


2.764 
2.762 


Length 


12.014 

12.024 

12.0477 

11.962 

11.962 

11.9973 

11.9954 

11.9963 

12.0019 


«  • 
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Tbe  linear  expansion  up  to  520^  C  was  determined  on  two  bai^ 
of  N34,  one  as  rolled,  the  other  after  heat  treatment,  consisting  of 
quenching  from  520^  C  and  aging  two  days  at  1 20®  C.  The  expan- 
sion curves  are  given  in  Fig.  10  and  show  irregtdarities  in  the 
neighborhood  of  300°  C. 


Mfx/ir* 


kOo*€ 


/OO  zoo  JOO  ¥00  soo 

Flo.  lo,— Linear  expansion  of  ^-J4,  o  to  §00^  C 

2.  THE  BLBCTRICAL  RESISTIVirY 

Electrical  resistivity  measurements  were  made  in  vacuo  over  the 
temperature  range  o  to  530®  C  by  the  method  described  by 
Burgess  and  Kellberg  *  on  0.25  mm  wire  drawn  from  a  cylinder 
cut  from  >^-inch  sheet  of  Cii.  It  was  necessary,  however,  to 
bring  both  of  the  aluminum-alloy  leads  out  of  the  thermometer, 
as  it  was  impossible  to  weld  them  to  platinum.     The  data  obtained 
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from  the  first  run  are  plotted  as  resistance  of  alumintim  alloy 
against  temperature  in  Fig.  1 1 . 

The  change  in  direction  of  the  resistivity  curve  at  about  300°  G 
is  quite  evident  and  indicates  a  change  in  the  constitution  of  the 
alloy.     It  is  evident  both  on  heating  and  cooling,  although  a 
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change  in  resistivity  at  room  temperature  has  taken  place,  resulting 
from  the  annealing  produced  during  the  series  of  measurements. 

Following  this  run  the  material  was  heated  to  440®  C  in  its  tube 
and  cooled  in  air.  The  cooling  was  fairly  rapid,  as  the  outside 
diameter  of  the  quartz  tube  was  only  8  mm.    The  tube  was  then 
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put  in  a  steam  bath  and  resistance  measurements  taken,  as  shown 
in  the  table  below: 


TioM  In  ttMin  iMfh 

Ptn- 

Alra- 
•iiteiiea 

Time  la  steam  twih 

Ptre- 
•istance 

Alie- 

fintwifft 

OlMrar 

Ohms. 

1.7302 

1.7802 
1.7302 
1.7297 
1.7301 

0.9035 
.9047 
.9951 
.9054 
.9060 

4Khoun 

Ohrne. 

1.7300 

1.7301 
1.7301 
1.7298 

Obat. 

0.9063 

iiiMaut 

6]ioim.*.. 

.9069 

lliBar 

71ioan 

.9068 

21iOttn 

11  hour 

.9069 

3hoan 

The  specific  resistance  of  this  alloy  was  determined  on  a  wire 
drawn  to  2.54  mm  diameter  and  annealed  at  400^  C.  It  was 
found  to  be  3.35  microhms  per  centimeter  cube. 

V.  MECHANISM   OF   HARDENING   DURING  AGING   AFTER 

RAPID  COOLING 

Apparently  no  attempt  has  ever  been  made  to  develop  an  expla- 
nation for  the  changes  in  the  physical,  particularly  mechanical, 
properties  of  this  alloy  during  aging  after  rapid  cooling.  The 
changes  which  take  place  are  quite  marked  and  definite  and  must 
correspond  to  some  quite  as  definite  changes  in  the  structure  and 
constitution  of  the  alloy,  or  at  least  to  profound  molecular  changes. 
If  we  are  not  able  to  show  that  actual  phase  changes  take  place 
during  aging,  we  must  then  ascribe  these  changes  in  physical 
properties  to  alterations  ift  the  atomic  or  molecular  structure. 

All  of  the  evidence  which  the  authors  have  been  able  to  find  or 
to  accumulate  seems  to  indicate  that  the  hardening  during  aging 
is  actually  accompanied  by  a  phase  change  within  the  alloy. 
In  so  far  as  it  can  be  said  then  that  this  phase  change  causes  the 
hardening,  for  the  reason  that  it  accompanies  it,  this  phase  change 
may  be  regarded  as  its  active  cause. 

Elsewhere  •  the  authors  have  determined  the  solubility  at  differr 
ent  temperatures  in  aluminum  of  CuAl,  and  of  Mg^Als^  the  alumi- 
ntim-rich  compounds  of  the  copper-aluminum  and  magnesium- 
aluminum  binary  alloy  series,  respectively.  The  solubility-tem- 
perature curves  of  these  compounds  are  reproduced  in  Figs.  12 
and  13;  the  solubility  of  both  compotmds  diminishes  rapidly  with 
lowered  temperatm^. 

*  P.  D.  Merice.  R.  G.  Woltenberg.  uid  J.  R.  Prcenum.  jr..  The  Constitution  and  Metallogniphy  of  Alu- 
minum and  its  liglit  Alloys  witli  Copper  and  with  Magnesium.  Scientific  Paper  of  the  Bttxesu  of  Stand- 
•tdsi  No.  337, 19x9;  Alio  BoU.  A.  I.  M.  B.  No.  151,  p.  icox,  19x9. 
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Fig.  14. — Heating  and  cooling  curves  ofCS,  First  run  up  showing  arrest  at  300^  C  was 
taken  three  hours  after  quenching,  C-8-D  is  a  curve  obtained  on  a  quenched  sample  after 
aging  18  months  at  20^C 
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Fio.  75. — Heating  and  cooling  curves  of  C-ii.  First  run  up  on  C-li-A  shows  an  arrest 
at  26$^  C  in  a  sample  which  had  been  quenched  and  then  aged  12  days  at  20^  C.  Second 
run  up,  marked  C-ii-A ,  shows  no  arrest  in  a  sample  which  had  been  quenched  into  boiling 
water  and  aged  10  days  at  120^  C 
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Fto.  x6. — Heating  and  cooling  curves jof  N-34  shotoing  inverse  arrest  in  quenched  samples 
which  had  not  been  aged  but  no  arrest  in  samples  which  had  been  aged  after  quenching 
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This  chemical  reaction  can  hardly  be  other  than  the  precipita- 
tion of  CuAl,  from  its  supersaturated  solution  in  aluminum, 
although  direct  visual  evidence  bearing  on  this  question  is  also 
lacking.  In  describing  the  attempt  which  was  made  to  recognize 
microscopically  the  phase  change  during  aging  just  predicated  a 
digression  must  be  made  in  order  to  discuss  the  general  feattu-es 
of  the  microstructure  of  duraltunin,  which  has  apparently  not 
been  done  before. 

1.  STRUCTURE  OF  DURALUMIN 

This  microstructure  may  be  developed  either  by  etching  in  a 
relatively  concentrated  solution  of  sodium  hydroxide,  NaOH,  a 
dilute  solution  of  hydrofluoric  acid,  HF,  or  in  a  dilute  solution  of 
NaOH.  The  grain  structure  of  the  alloy  is  best  developed  by  the 
two  former  solutions;  lo  per  cent  NaOH  and  5  per  cent  HF  are 
generally  used  for  this  purpose.  For  the  identification  and  study 
of  the  different  microscopic  constituents  of  the  alloy  a  o.i  per  cent 
solution  of  NaOH  has,  however,  shown  itself  much  superior  to  the 
former  ones,  and  this  solution  has  been  used  in  most  of  the  authors' 
investigations. 

Duralumin  after  rolling  shows  a  structure  similar  to  that  in  Fig. 
18,  which  is  quite  t3rpical.  Fig.  19  shows  the  same  alloy  at  a 
higher  magnification.  Grains  of  aluminum  (in  which  are  dissolved 
Si,  CuAl^,  and  Mg^Al,)  are  surrounded  by  strings  of  islands  of 
eutectic  (CuAl,  aluminum,  FeAl,  aluminum,  and  possibly  others) , 
which  are  white  in  Fig.  18.  Upon  examination  tmder  a  higher 
power  the  eutectic  is  seen  to  consist  of  two  constituents,  one  of  a 
brownish  color,  the  other  white.  These  two  constituents  are  evi- 
dent in  Fig.  19.  In  another  article  by  the  authors  (see  note  9,  on 
p.  — )  these  two  constituents  have  been  identified  as  FeAl,  (brown) 
and  CuAl,  (white),  respectively.  Quite  often,  but  not  always,  the 
FeAl,  surrounds  the  CuAl,,  as  is  shown  in  the  figure. 

Besides  these  two  constituents  a  third,  of  pronotmced  bluish 
color,  is  visible.  This  is  readily  distinguished  under  the  micro- 
scope; not  always  so  readily  in  a  photograph.  It  is  seen  within 
an  island  of  CuAl,  in  Fig.  20.  In  the  same  article  the  authors 
have  expressed  the  opinion  that  this  is  Mg^Si;  it  only  occurs  in 
alloys  containing  magnesium. 

Upon  still  closer  observation  the  grains  t>f  aluminum  solid  solu- 
tion are  seen  to  contain  minute  particles  of  a  constituent.  These 
are  shown  in  Figs.  21  to  25.  These  particles  are  so  small  that  it 
is  impossible  to  identify  them  with  certainty.     Inasmuch  as  they 
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occur  also  in  aluminum  itself,  they  must  consist  in  part,  at  least, 
of  the  compound  X  (of  iron,  silicon,  and  probably  also  aluminum; 
see  note  9,  on  p.  299)  and  possibly  FeAlj;  probably  CuAl,  is  also 
present  in  this  form.  All  of  this  generation  of  particles  have 
undoubtedly  separated  during  cooling  from  a  solid  solution  in 
aluminum  at  higher  .temperatures. 

The  visible  structure  of  duralumin  changes  but  slightly  upon 
heat  treatment.  Rolled  duralumin  consists  of  elongated  grains. 
Upon  heating  such  material  to  500®  C  recrystallization  of  the 
aluminum  solid  solution  grains  first  occurs,  and  the  fine  grains  so 
formed  increase  in  size.  This  growth  is  naturally  interrupted  by 
quenching.  Immediately  after  quenching,  therefore,  the  grains 
may  be  either  larger  or  smaller  than  the  original  ones,  depending 
upon  the  period  of  heating  at  500^  C  and  the  rate  of  heating  to 
that  temperature.  During  subsequent  aging  the  grains  do  not 
change  in  size.  Heating  to  500^  C  also  results  in  the  solution  of 
some  or  all  of  the  CuAl,  eutectic  grains  seen  in  the  rolled  material 
to  correspond  to  equilibrium.     The  FeAlg  does  not  dissolve. 

If  there  occurs  during  the  aging  of  duraliunin  after  quenching 
a  gradual  precipitation  of  CuAl,  particles  to  correspoxid  to  its 
diminished  solubility  at  the  lower  temperatitfes,  one  would  expect 
to  be  able  to  observe  some  difference  between  the  microstructure 
of  the  quenched  unaged  specimen  and  that  of  the  quenched  one 
after  thorough  aging.  The  particles  of  CuAl,  may  quite  well  be 
too  small  to  be  resolvable  microscopically,  but  the  presence  of  a 
large  munber  of  such  colloidal  particles  might  be  expected  to 
accelerate  the  etching  of  the  specimen;  at  least  troostite  etches 
much  more  readily  than  martensite  or  sorbite,  and  it  is  considered 
quite  generally  to  consist  of  a  colloidal  solution  of  FcjC  in  alpha 
iron.  Samples  of  N34,  some  of  which  had  been  heated  at  500°  C, 
quenched  in  water  and  immediately  etched,  and  some  of  which 
had  been  subsequently  aged  at  130^  C  after  identical  treatment  to 
develop  maximum  hardness,  were  carefully  compared  in  their 
appearance  after  etching  in  the  same  solution  (o.i  per  cent  NaOH) 
and  for  the  same  periods  of  time.  No  difference  was  observed  in 
the  structure  nor  in  the  general  shades  of  the  etched  surfaces  of 
these  two  groups  of  specimens. 

The  authors  have  to  date,  therefore,  no  direct  structural  evi- 
dence of  the  precipitation  of  CuAl,  diuing  aging  of  duraliunin. 

A  difference  in  the  rate  of  etching  of  quenched  imaged  and  of 
quenched  and  aged  may  quite  possibly  be  obscured  by  the  pres- 
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ence  of  other  constituents  in  fine  dispersion,  present  in  both  cases. 
It  was  noted  above  that  there  are  always  present  a  number  of 
fine  particles  of  the  X  constituents.  A  structural  study  of  diu^u- 
min  made  with  pure  aluminum  free  from  iron  and  silicon  might 
'yield  more  positive  results. 

It  is  interesting  to  note  that  although  the  velocity  of  nuclear 
formation  of  CuAl,  at  temperatures  from  20  to  400®  C  seems  to 
be  quite  normal,  judging  by  thermal  analysis,  the  velocity  of 
crystallization  or  of  coalescence  of  the  nuclei  is  evidently  quite 
remarkably  small.  Thus  it  was  fotmd  (see  note  9  on  p.  299)  that 
there  was  no  visible  precipitation  of  CuAl,  in  an  alloy  containing 
3  per  cent  of  copper  upon  annealing  at  300®  C  for  20  hoturs  after 
obtaining  all  of  the  CuAl^  in  soluticHi  by  annealing  at  500^  C. 
Only  by  very  slow  cooling  from  500  to  20®  C  could  a  visible  pre- 
cipitate of  CuAla  be  produced.  Slow  velocities  of  crystallization 
seem  to  be  characteristic  both  of  CuAl,  and  of  aluminum. 

Although  it  can  not  be  directly  proved  that  the  thermal  arrest 
at  about  250°  C,  noticed  upon  heating  a  quenched  unaged  speci- 
men of  duralumin,  is  due  to  the  precipitation  of  CuAl,,  no  evidence 
directly  contradicts  this  asstunption,  which  is  in  entire  accord 
with  our  knowledge  of  the  equilibrium  within  the  alloy,  and  this 
arrest  can  not  be  assigned  to  any  other  phase  change. 

It  has  been  shown  by  many  previous  investigations  and  con- 
firmed by  the  authors  that  aluminum  imdergoes  no  transformation 
in  the  solid  state  between  ordinary  temperatures  and  its  melting 
point.  No  other  phase  changes  could  occtir  in  the  main  mass  of 
duralumin,  the  grains  of  solid  solution,  therefore,  except  those  of 
solution  or  precipitation  of  FeAl,,  of  the  X  compound,  of  CuAl,, 
of  Mg^„  or  of  MgaSi  within  the  grains.  Aluminum,  which  con- 
tains the  same  amoimts  of  PeAl,  and  of  the  X  compotmd  as  does 
duraliunin,  is  not  altered  by  heat  treatment  as  is  duralumin,  nor 
does  it  show  a  reverse  heat  effect  upon  heating  as  does  the  latter. 
This  heat  effect  must  therefore  be  due  to  the  precipitation  either 
of  CuAl,,  Mg^Al,,  or  Mg,Si.  But  the  alloys  containing  only  mag- 
nesium in  amoimts  up  to  3  per  cent  also  do  not  harden  upon 
aging.  There  remains  only  the  precipitation  of  CuAl,  with  which 
to  explain  this  heat  effect. 

The  theory  outlined  above  of  the  mechanism  of  the  hardening 
of  duralumin  during  aging  most  readily  explains  the  interesting 
fact  discovered  by  Mr.  Blough,  and  confirmed  by  the  authors, 
that  the  amotmt  of  hardening  during  aging  increases  as  the  tem- 
perature of  quenching  increases.     At  higher  quenching  tempera- 
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tures  more  and  more  CuAl,  is  dissolved  in  solid  solution.  After 
quenching  the  CuAlj  is  in  excess  of  its  solubility;  the  higher  the 
quenching  temperature  the  greater  is  the  excess,  and  this  is  pre- 
cipitated during  aging.  The  hardening  is  in  proportion  to  the 
amount  of  the  highly  dispersed  CuAl,  formed. 

If  this  theory  is  accepted  for  the  moment,  it  is  interesting  to 
consider  the  effect  of  degree  of  dispersion  upon  hardness  in  the 
case  of  a  solid  solution,  in  this  case  of  CtiAl,  in  aluminum.  Dura- 
lumin immediately  after  quenching  is  generally  softer  than  it  is 
in  the  annealed  condition.  Thus,  alloy  Cii  in  the  form  of  sheet 
gave  the  following  values  of  hardness :  Sderoscope  hardness  (mag- 
nifying hammer) :  Annealed  at  300^,  1 7 ;  quenched,  but  not  aged, 
16;  quenched  and  aged  8  days,  35.  This  is  probably  due  to  the 
fact  that  a  specimen  as  ordinarily  cooled  after  annealing  still  con- 
tains some  dissolved  CuAl,  in  excess  of  its  solubility ;  the  material 
hardens  slightly  during  cooling.  Specimens  cooled  extremely 
slowly  give  a  sderoscope  hardness  of  from  7  to  10,  much  lower  than 
that  of  the  quenched  unaged  ones. 

Upon  aging  a  quenched  specimen  at  200°  C,  for  example,  the 
hardness  first  mcreases  to  a  maxhnum  and  afterward  decreases. 
During  that  aging  there  has  been  first  a  formation  of  fiine  nuclei 
of  CuAla  followed  by  coalescence  of  these  particles  into  ones  of 
larger  size.  There  is,  therefore,  a  certain  average  size  of  particle 
of  CuAl,,  for  which  the  hardness  of  the  material  is  a  maximum; 
atomic  dispersion  of  the  solute,  CtiAl,,  is  not  the  dispersion  that 
produces  the  maximum  hardness,  but  some  intermediate  one 
between  it  and  that  at  which  the  particles  become  visible  by  ordi- 
nary  means. 

It  is  interesting  to  observe  that  the  properties  of  other  light 
alloys  of  aluminum  are  influenced  by  heat  treatment  and  aging. 
Thus  Rosenhain  and  Archbutt^^  have  found  that  the  tensile 
strength  of  sand-cast  aluminum-zinc  alloys  increases  upon  aging. 
In  another  article  (see  note  7,  on  p.  272)  by  two  of  the  authors  it 
has  been  shown  that  whereas  alloys  of  aluminum-magnesium, 
aluminum-manganese,  aluminum-manganese-magnesitun,  and 
alumintun-nickel  do  not  harden jupon  quenching  and  aging;  those 
of  almninum-magnesium-nickel  do.  The  solubility  of  zinc  in 
aluminum  decreases  from  40  per  cent  at  the  eutectic  temperature 
to  about  25  per  cent  at  256^  C  and  is  probably  much  less  at  still 

lower  temperatures.     As  in  the  case  of  the  copper-aluminum  alloys 
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decreasing  solubility  at  lower  temperattires  of  the  constituent, 
CuAl,  or  zinc,  is  accompanied  by  the  possibility  of  hardening  by 
quenching  and  aging. 

Inasmuch  as  the  aluminum-nickel-magnesitun  alloys  also  harden 
by  aging,  we  may  expect  an  appreciable  solubility  of  NiAl,  in  solid 
aluminum  at  higher  temperatures.  The  solubility  of  MnAl,  is 
imdoubtedly  quite  low. 

2.  ANALOGY  BETWEEN  THE  HARDENING  OF  DX7RALUMIN  AND  THAT  OF 

STEEL 

The  hardening  of  duralumin  upon  the  basis  of  this  h3rpotliesis 
presents  an  interesting  analogy  iVith  that  of  steel.  The  hardening 
of  steel  is  due  to  the  partial  or  entire  suppression  of  the  eutectoid 
transformation.  Most  recent  thought  regards  it  as  due  more 
directly  to  the  suppression  of  the  cementite  precipitation  (as  pearl- 
ite) ,  the  transformation  of  7  into  a  iron  having  taken  place  at  least 
in  part.  The  partial  suppression,  therefore,  of  the  precipitation 
of  a  compound  from  a  solid  solution  is  common  both  to  rapidly 
cooled  steel  and  to  duralumin. 

A  sample  of  steel  which  has  been  hardened,  but  not  tempered, 
shows  an  evolution  of  heat  upon  heating  "  through  its  tempering 
range  exactly  as  does  dtiralumin.  This  is  due  to  the  precipitation 
of  Fe,C  in  finely  divided  form  in  the  case  of  steel  exactly  as  it  seems 
to  be  due  to  that  of  CuAl,  in  diu'alumin. 

During  the  tempering  or  aging  of  steel  at  from  100  to  300®  C 
the  hardness  usually  decreases  immediately;  that  is,  the  maximum 
hardness  of  steel  is  obtained  by  quenching  alone,  whereas  that  of 
duralumin  is  produced  after  aging.  In  the  case  of  some  high- 
carbon  steels  (from  0.9  to  1.7  per  cent  C),  however,  the  hardness 
increases  during  tempering  after  quenching  exactly  as  in  the  case 
of  duraltunin."  The  maximtun  hardness  in  hardened  steel  in 
creases  with  the  carbon  content,  as  it  does  in  duralumin  with 
the  copper  content. 

It  has  been  found  that  tool  steel  containing  tungsten  undergoes 
an  increase  of  hardness  diuing  tempering  at  from  400  to  650°  C 
after  quenching  from  1350°  C.  ^' 

"  H.  Soott,  Bffectof  Rate  of  Temperature  Chance  on  Tiansfonnations  in  Alloy  Steel,  SdentlflA  Paper 
No.  335,  of  the  Bureau  of  SUndards,  1919;  also  Bull.  A.  I.  M.  E.  No.  146,  p.  157;  19x9. 
1*  B.  Maurer,  H&rten  tmd  Anlasscn  Ton  Hisen  und  Stahl,  Metallurgie,  6,  p.  33;  1909. 
1*  Bdwards  and  Kikkawa,  Jouxn.  Iran  and  Steel  Iiutltiite,  M,  p.  6: 19x5. 
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3.  SXTTBCTIC  STRUCTURE  AND  HVPLUBNCB  OF  MA6I9ESIUM 


There  is  one  fact  which  is  not  readily  explained  by  the  author's 
hypothesis.  Although  alloys  containing  only  magnesium  and  no 
copper  do  not  harden  and  alloys  containing  only  copper  vnth  no 
magnesium  do  harden,  those  containing  both  copper  and  magne- 
sium undergo  a  much  greater  hardening  than  do  those  with  copper 
alone.  Magnesitun,  therefore,  exerts  no  ejffect  by  itself  in  this 
direction,  and  is  not  essential  to  the  hardening  power,  but  it  mate- 
rially increases  the  effect  of  the  copper.  The  hypothesis  developed 
above  does  not  indicate  any  reason  for  this  effect. 

The  authors  are  of  the  opinion  that  the  influence  of  the  mag- 
nesitun is  of  a  secondary  nature.  Thus  it  seems  probable  that  some 
magnesium  tmites  with  the  silicon  present  to  form  Mg^Si,  the  blue 
constituent  always  found  in  alloys  containing  magnesium.  The 
removal  of  the  silicon  in  this  manner  may  be  the  direct  cause  of 
the  resultant  increase  of  hardening  effect.  This  would  agree  with 
the  observed  fact  that  with  usual  silicon  content  0.5  per  cent  mag- 
nesium is  enough  to  fully  develop  the  partially  latent  hardening 
power  of  the  copper-aluminum  alloys.  The  addition  of  more  mag- 
nesium produces  a  somewhat  harder  alloy  in  all  conditions,  but 
does  not  materially  increase  the  hardening  effect.  This  is  shown 
by  the  following  comparison : 
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Consideration  of  the  test  results  of  Table  2  shows  that  magnesitun 
hardens  the  aluminum  matrix  considerably  even  in  the  annealed 
condition.  It  is  probable  that  the  alteration  of  this  matrix  affects 
markedly  the  dispersion  of  the  precipitation  of  CuAl,  dtuing  aging 
and  consequently  the  mechanical  properties  obtained. 

There  is  another  feature  of  the  structure  of  duraltunin  which  is 
of  great  importance  and  in  which  may  be  f otmd  some  part  of  the 
explanation  for  the  effect  of  magnesium.  This  is  the  manner  in 
which  the  PeAl,  and  the  CtiAl,  eutectics  oystaUize. 
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There  are  several  possible  binary  eutectics  in  duralumin,  namely, 
the  following: 
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The  amounts,  by  volume,  of  the  eutectics  with  FeAl,  and  with 
CuAl,  in  ordinary  duralumin  are  fairly  large  and  about  equal, 
that  with  MgjSi  somewhat  less,  that  with  X  and  with  Mg^Al, 
usually  almost  nil.  The  approximate  temperatures  of  eutectic 
solidification  are  given  above;  they  represent  in  all  cases  the  tem- 
peratures observed  in  ,the  presence  of  both  the  FeAl,  and  the  X 
eutectic.  The  presence  of  CuAl,  or  Mg,Si  lowers  the  eutectic 
temperatures  of  the  other  binary  eutectics.  Thus,  in  the  presence 
of  MgjSi,  the  eutectic  temperature  of  CuAl,-aluminiun  is  reduced 
from  540  to  520-530°  C,  and  this  is  always  obtained  as  a  thermal 
arrest  in  heating  or  cooling  duralumin. 

The  order  of  solidification  of  these  binary  eutectics  in  aluminum- 
rich  alloys  is  a  matter  of  the  greatest  importance.  Fig.  26  shows 
the  probable  form  of  the  equilibrium  at  the  aluminum  end  of  the 
ternary  system,  Al-Cu-Fe.  An  alloy  containing  about  0.5  per 
cent  Fe  and  3  per  cent  Cu  (at  g  in  the  figure)  would  follow  the  line 
gf-fc  upon  solidification.  A  solid  solution  of  aluminum  with 
CuAl,  (FeAl,  is  almost  insoluble  in  aluminum)  first  crystallizes, 
and  the  composition  of  the  liquid  changes  along  the  curve  gf  with 
lowering  of  temperature.  At  /  the  binary  eutectic  FeAl,  alumi- 
num solid  solution  crystallizes,  and  also  along  fc.  The  liquid 
remaining  at  /  is  contained  in  the  interstices  between  the  solid 
grains  of  aluminum  solid  solution,  and  the  FeAl,  crystallizes  upon 
these  grains  at  the  boundary  between  solid  and  liquid.  At  c  the 
binary  eutectic  CuAl,  aluminum  solid  solution  also  oystallizes 
with  the  remainder  of  the  first  eutectic.  The  resultant  structure 
is  shown  in  Figs.  19,  20,  21,  22,  23,  and  24.  The  PeAl,  often 
entirely  surrounds  and  isdates  the  CuAl,  crystals. 

When  a  specimen  having  such  a  structure  is  heated  to  500°  C 
for  quenching,  much  of  the  CuAl,  may  be  separated  from  the 
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aluminum  by  this  layer  of  insoluble  FeAl,  and  is  effectually  pre- 
vented from  dissolving.  Thus  Es-F,  containing  only  1.56  per 
cent  Cu,  heated  20  hours  at  500^  C  and  quenched,  still  contains 
free  CuAl,,  although  its  solubility  at  that  temperattu-e  was  about 
3  per  cent.  Its  structure  is  shown  in  Fig.  23.  The  undissolved 
CuAl,  (light)  is  surrotmded  by  FeAl,  (dark).  (The  other  light 
islands  are  Mg^Si,  which  are  distinguishable  under  the  nodcroscope 
as  of  bluish  color,  but  photograph  light.) 


\ 


/ 


Aluminum 

Fxo.  a6. — Suggested  form  of  liquidus  surfaces  of  ternary  system  atuminum-iron-copper 

near  aluminum  end 

This  inclosiure  of  the  compound  of  one  binary  eutectic  by  that 
of  another  seems  to  be  characteristic  of  light  aluminum  alloys. 

Fig.  20  shows  an  island  of  CuAl,  inclosing  one  of  MgjSi.  Such 
a  structure  explains  probably  the  confusing  heating  and  cooling 
thermal  curves  often  obtained  with  copper-altuninum-magnesitun 
alloys.  In  Fig.  1 6  was  shown  several  normal  heating  and  cooling 
curves  for  N34  containing  both  copper  and  magnesiiun.  The 
inverse  heat  effect  in  the  quenched  alloy  at  about  260°  C  and  the 
eutectic  arrest  at  510*^  C  are  both  visible.  In  Fig.  17  are  shown 
the  heating  and  cooling  ciurve  of  N28  containing  Cu  4.98  per 
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cent  and  Mg  2.41  pa:  cent.  On  the  up  curve  the  usual  520®  C 
arrest  is  noticed;  upon  cooling,  however,  instead  of  one,  three 
arrests  are  noticed,  at  502**  C,  at  478*^  C,  and  at  456**  C.  This 
cycle  will  repeat  itself  indefinitely  not  only  in  this  alloy  but  in 
others  containing  copper  and  magnesium,  particularly  when  of 
rather  high  copper  and  magnesium  content. 

The  structure  of  Pig.  20  was  obtained  in  N28  after  the  thermal 
analysis  was  completed  and  is  characteristic ;  practically  all  of  the 
MgjSi  is  surrounded  completely  by  CuAl,.  Upon  cooling,  CuAl, 
separates  at  the  first  arrest  (500®  C),  at  the  second  and  third 
MgjSi  and  possibly  some  traces  of  Mg^Al,.  These  crystallize  inside 
of  th^  Cu AI3 ;  the  aluminum  particles  of  the  respective  eutectics 
coalesce  with  the  alumimun  grains.  Upon  reheating  this  alloy  the 
surface  of  contact  between  Mg^Si  and  aluminum  is  so  slight  that 
the  melting  of  the  eutectic,  which  should  normally  occur  at  the  two 
lower  cooling  arrests,  proceeds  too  slowly  to  give  an  arrest,  and  not 
until  the  protecting  sheath  of  CuAl,  melts  as  eutectic  at  the  higher 
(520®  C)  arrest  does  the  MgjSi  melt  also. 

These  thermal  arrests  obtained  around  500^  C  are  related  to 
the  formation  of  the  various  eutectics  and  do  not  have  anything 
to  do  with  the  hardening  of  duralumin. 

VL  CONCLUSIONS  RELATIVE  TO  THE  MANUFACTURE  AND 

HEAT  TREATMENT  OF  DURALUMIN 

It  has  been  shown  that  when  duralumin  is  rapidly  cooled  by 
quenching  from  temperatures  between  250  and  520®  C,  and  aged 
thereupon  at  temperatures  from  o  to  200®  C,  the  hardness  and, 
at  least  at  lower  aging  temperatimes,  the  ductility  increase.  The 
actual  values  of  hardness  and  ductility  thus  obtained  depend  upon 
the  quenching  temperatm-es ;  they  increase  with  that  temperature 
up  to  about  520®  C,  corresponding  to  the  increase  of  CuAl,  in  solid 
solution.  At  this  temperature  any  free  CuAlj  melts  as  a  eutectic 
and  the  material  is  spoiled;  this  eutectic  temperature  therefore 
marks  the  upper  limit  of  the  useful  quenching  temperature  range. 

In  order  to  develop  the  best  mechanical  properties  by  heat 
treatment,  a  quenching  temperature  should  be  used  as  near  this 
as  is  possible  without  running  risk  of  burning  the  metal  by  the 
melting  of  this  eutectic.  In  practice  it  should  be  possible  to 
quench  from  temperatures  between  510  and  515°  C. 

The  period  of  time  at  which  sheet  material  should  profitably  be 
held  at  the  quenching  temperature  lies  between  10  and  20  minutes. 
Heavier  sections  such  as  bars  might  require  more  time  at  this 
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temperature,  as  the  structure  of  such  sections  would  be  coarser 
and  would  require  somewhat  more  time  for  the  complete  solution 
of  the  CuAl^. 

Quenching  is  best  and  most  conveniently  carried  out  in  boiling 
water.  The  mechanical  properties  are  better  after  quenching  in 
hot  than  after  quenching  in  cold  water,  and  there  is  less  danger 
of  cracking  due  to  cooling  stresses. 

The  best  temperature  for  subsequent  £^ing  depends  upon  the 
mechanical  properties  that  are  desired.  For  most  purposes  it 
will  be  foimd  best  to  age  at  100®  C  for  about  3  to  6  days.  The 
greater  portion  of  the  hardening  effect  takes  place  within  this 
period.  Such  a  treatment  develops  both  high  strength  and 
high  ductility.  If  a  material  having  a  higher  proportional  limit 
but  lower  ductility  is  desired,  the  material  may  be  aged  at  higher 
temperatures  up  to  150®  C  for  from  2  to  4  da3rs. 

The  authors'  experience  has  not  led  them  to  recommend  a 
different  composition  for  duralumin  than  that  in  current  user 
that  is,  Cu,  3  to  4.5  per  cent;  Mg,  0.4  to  i«o  per  cent;  Mn,  o  to  0.7 
per  cent;  99  per  cent  Al  (remainder). 

It  is  believed  that  it  would  be  of  advantage  to  preheat  the 
ingots  for  hot  rolling  to  a  somewhat  higher  temperature  than  is 
sometimes  used.  It  would  be  desirable  to  preheat  to  500^  C  or 
as  near  to  that  temperature  as  the  temperature  uniformity  of  the 
furnace  permitted;  the  free  CuAl,  would  have  better  opportunity 
of  going  into  solution  at  this  temperature  than  at  lower  ones. 
Rolling,  however,  can  not  be  done  at  this  temperature,  due  to 
the  eutectic  of  the  Mg^Si  melting  at  450^  C  and  consequent 
hot  shortness  of  the  material. '  It  might  therefore  be  advisable  to 
preheat  to  500**  C,  but  to  roll  at  about  450**  C. 

Vn.  SUMMARY  AND  CONCLUSIONS 

The  heat  treatment  of  alloys  of  the  tjrpe,  duraltunin,  was  in- 
vestigated and  the  effect  observed  of  variations  in  the  heat- 
treating  conditions,  such  as  quenching  temperature,  temperature 
of  quenching  bath,  and  of  aging  or  tempering,  and  time  of  aging 
upon  the  mechanical  properties. 

Conclusions  are  drawn  relative  to  the  best  conditions  for  com- 
mercial heat-treating  practice  for  this  alloy.  The  temperatm-e  of 
quenching  should  not  be  above  that  of  the  CuAl,  aluminum 
eutectic,  which  is  usually  about  520°  C,  but  should  be  as  near  to 
this  as  possible  without  danger  of  eutectic  melting.  The  pieces 
should  be  held  at  this  temperature  from  10  to  20  minutes  and 
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quenched  preferably  in  boiling  water.  The  hardening  may  for 
most  purposes  best  be  produced  by  aging  for  about  5  days  at 
100°  C. 

A  theory  of  the  mechanism  of  hardening  of  duralumin  during 
aging,  afS  quenching  W  higher  te^tu^s,  was  devdopi 
which  is  based  upon  the  decreasing  solubility  of  the  compotmd 
CuAlj  in  soUd  solution  in  aluminum  with  decreasing  temperatures 
from  520^  C  to  ordinary  temperatures.  It  is  believed  that  the 
precipitation  of  excess  CuAlj  which  is  suppressed  by  quenching 
proceeds  during  aging,  the  precipitation  taking  place  in  very 
highly  dispersed  form.  The  hardening  is  due  to  the  formation  of 
this  highly  dispersed  precipitate. 

According  to  this  theory  the  hardening  of  duralumin  dming 
aging  or  tempering  after  quenching  presents  a  very  close  analogy 
with  that  of  steel,  and  the  evidence  in  support  of  the  theory  is  of 
the  same  nature  and  of  approximately  the  same  competence  as 
that  in  support  of  the  prevailing  theory  of  the  hardeining  of  steel* 

Washington,  February  27,  1919. 
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L  INTRODUCTION 

In  a  paper  presented  before  the  Institute  of  Metals  entitled 
"Some  Appliances  for  Metallographic  Research/'  Rosexihain^ 
described  a  new  type  of  furnace  designed  primarily  for  the  thermal 
analysis  of  metals  by  the  inverse-rate  method  and  used  by  him  with 
considerable  success  in  the  metallurgical  department  of  the 
National  Physical  Laboratory.  In  his  discussion  of  this  tjrpe  of 
furnace  Roe^ihain  pointed  out  certain  difficulties  met  with  in  its 
operation,  such  as  imiformity  of  rate  of  heating  or  cooling  being 
inadequate  for  the  degree  of  accuracy  desired.  To  overcome 
this  d^culty,  he  suggested  in  place  of  motor  proptdsion  a  gravity 
drive  controlled  by  a  "hydraulic  cylinder  with  a  reKef  valve 
whose  width  of  opening  can  be  regulated  to  allow  of  any  desired 
rate  of  motion.*'  The  authors  in  constructing  a  thermal-analysis 
furnace  of  Rosenhain's  type  have,  therefore,  followed  his  sugges- 
tion and  also  added  certain  features  which  increase  somewhat 
the  convenience  and  simplicity  of  its  operation.  Requests  for 
information  regarding  this  furnace  and  the  highly  satisfactory 
results  obtained  from  its  use  justify,  it  is  believed,  describing  its 
construction  and  operation  in  sufficient  detail  to  make  possible 
its  duplication  or  improvement. 


>  Roeenhain,  J.,  Inst,  of  Metals,  18,  p.  z6o;  1915. 
136742*— 10 
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n.  DESCRIPTION  OF  FURNACE 

The  details  of  the  furnace  construction  are  shown  in  Fig.  i, 
which  is  drawn  to  scale.  The  heating  tube  is  of  X-inch  wall 
"alimdum,"  heated  at  the  upper  end  by  17  ttuns  of  0.52-nim 
platinum  wire,  which  is  coated  with  alundum  cement  supplied 
for  this  purpose.  The  cement  coating  is  essential  when  a  tempera- 
ture over  1000®  C  is  required,  as  it  prevents  hot  spots  with  the 
resulting  burning  out  of  the  heater.  This  platintun-wire  winding, 
unlike  "nichrome,"  is  entirely  satisfactory  for  temperatures  of  at 
least  1000^  C.  It  has  been  maintained  at  that  temperattue  con- 
tinuously for  two  months  and  shows  no  signs  of  deterioration. 
This  temperattue  is  maintained  by  a  current  of  5  amperes  drawn 
from  30  volts  potential ;  so  its  necessarily  continuous  operation  is 
quite  economical. 

The  furnace  is  heated  at  the  top,  as  is  Rosenhain's,  to  avoid 
convection  cturents,  but  the  sample  in  its  containing  tube  is 
introduced  from  the  bottom,  or  cold  end,  thereby  avoiding  the 
disadvantages  of  his  method,  which  consist  of  inconvenience  in 
position  of  the  sample  and  control  apparatus  and  the  heating  of 
some  portion  of  the  sample  tube  at  all  times  to  the  maximtun 
temperature  of  the  fiunace.  The  latter  disadvantage  may  prove 
serious  in  the  event  of  slight  inhomogeneities  in  the  thermocouple 
wire. 

m.  DESCRIPTION  OF  THE  ELEVATING  MECHANISM 

The  details  of  the  rate-control  mechanism  axe  shown  in  Fig.  2. 
The  weights  K  (total  weight,  15  potmds),  operating  over  pulleys, 
lift  the  devator  J5,  and  the  weight  /  (weight,  2  pounds)  lowers  it. 
The  rate  of  motion  of  the  tube  C,  clamped  on  the  elevator,  is 
controlled  by  the  flow  of  oil  from  one  end  of  the  cylinder  L  to  the 
other  through  the  needle  valve  M .  The  oil  cylinder  is  kept  open 
to  the  air  and  filled  with  a  good  grade  of  engine  oil,  caie  being  taken 
that  the  oil  is  free  from  dirt  and  air  bubbles,  which  niight  easily 
cause  variations  in  the  rate  of  motion  of  the  plunger.  The  sample 
tube  C  is  held  and  centered  with  three  set  screws  in  a  sleeve  D, 
which  fits  into  a  receptacle  on  the  elevator,  facilitating  rapid 
changing  of  the  sample.  A  guide  rod  E  prevents  rotation  of  the 
elevator  and  steadies  its  motion. 
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IV.  DETAILS  OF  OPEKATION 


The  differential  method  of  obtaining  curves  may  be  used  with 
this  furnace,  but  the  experience  of  the  authors  has  been  that  more 
valuable  and  satisfactory  results  are  obtained  by  use  of  the 
inverse-rate  method,  and  this  has  accordingly  been  used  almost 
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exclusively.  The  adoption  of  the  inverse-rate  method  limits  the 
pyrometric  requirements  to  a  single  thermocouple  and  potenti- 
ometer. This  permits  of  the  use  of  a  somewhat  novel  method  of 
moimting  samples  first  used  by  Burgess  and  Crowe'  in  their 
researches  on  pure  iron. 

The  aforementioned  method  of  mounting  is  illustrated  in  Fig.  3. 
The  operations  involved  consist  simply  of  cutting  a  0.5-mm  slot 
in  the  sample  with  a  small  hack  saw  and  riveting  in  this  slot  the 
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flattened  head  at  the  hot  junction  of  a  platinum — 90  platiniun-io 
rhoditun  thermocouple  in  the  form  of  0.5-mm-diajneter  wire. 
The  mounted  sample  is  sealed  in  the  quartz  tube  and  a  vdeuum 
maintained  through  the  brass-plug  conjaection. 

This  method  of  mounting  has  the  advantages  of  good  thermal 
contact  between  the  sample  and  the  thermocouple,  use  of  small 
samples  (usually  yi  hy  -h  ^Y  H  inch)  weighing  about  1.7  g), 
with  the  consequent  elimination  of  detectable  thermal  gradients, 
and  ease  of  preparation  of  samples.  Its  chief  disadvantage  is 
the  sUght  contamination  of  the  thermocouple  resulting  from  dose 
contact  with  the  sample  at  high  temperatures.  This  source  of 
error  is  easily  avoided  by  usmg  a  homogeneous  thermocouple 
and  frequently  removing  the  short  length  subject  to  contamina- 
tion. A  check  can  be  had  on  the  accuracy  and  sensitivity  of  the 
apparatus  tmder  actual  operating  conditions  by  taj^g  curves  on 
pure  iron,  the  A,  transformation  of  which  has  a  maximum  heat 
effect  very  constant  at  768°  C,'  independent  of  rate  of  tempera- 
ture change. 

The  temperattu-e  measurements  are  made  with  a  dial  potenti- 
ometer and  the  time  interval  recorded  on  a  drum-t3rpe  chrono- 
graph, which  instruments  have  alreiady  been  described.*  The 
assembled  -apparatus  is  shown  in  Fig.  4. 

A  heating  ^and  cooling  curve,  characteristic  of  the  furnace, 
taken  on  a  transformationless  (28  per  cent  nickel)  steel  over  the 
temperature  range  of  from  50  to  1000°  C,  is  shown  in  Fig.  5,  each 
cmve  being  divided  into  two  sections  for  convenience  in  repro- 
duction. Curves  of  a  steel  showing  several  critical  points  of  small 
intensity  and  taken  with  this  apparatus  are  available  in  the  work 
of  one  of  the  present  authors.*  It  may  be  noted  from  Fig.  5 
that  the  rate  of  temperature  change  is  somewhat  slower  at  the 
lower  temperatures  than  at  the  higher,  as  would  be  expected, 
but  that  the  change  is  not  sufficient  to  obsctu'e  a  transformation 
occtUTing  anywhere  between  loo  and  1000®  C.  This  change  in 
rate  is  emphasized  at  the  lower  temperatures  on  the  thermal 
curves  of  Fig.  5,  due  to  the  parabolic  form  of  the  relation  between 
temperature  and  emf  of  the  platimun  couple,  for  the  curves  are 
plotted  with  time  of  unit  emf  change  as  abscissae  as  a  matt^  of 

*  Burgess  and  Crowe^loc.  dt. 

*  Burcess  and  Crowe.  loc.  dt.  Dr.  P.  D.  Merica  has  substituted  a  pair  of  stop  watdies  /or  the  costly 
dmnograph  with  ^ood  results,  pravldins;  the  tine  interval  is  greater  than  15  seooods.  BuU.  A.  Z.  M.  ft 
M.  £.  Z5Z  p.  zoaz . 

*  Scott,  H ,  Bureau  of  Standards  Sdentific  Paper  No.  335. 
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convenience.  The  actual  rate  change  can  be  reduced,  and  proba- 
bly eliminated  for  a  given  rate;  by  using  a  metal  cylinder  or 
alundtm  tube  tapered  to  increase  the  heat  conduction  at  the  lower 
temperatures. 

It  might  be  apprehended  that  the  gravity  drive  would  impart 
an  extended  acceleration  to  the  elevator  instead  of  a  uniform 
velocity,  but  that  the  time  required  for  the  rate  to  become  uni- 
form is  slight  is  shown  by  the  short  curves  on  the  right-hand  side 
of  Fig.  4,  obtained  by  bringing  the  sample  to  the  constant  tem- 
perature designated  and  then  taking  readings  from  the  time  of 
opening  the  valve.  The  time  required  for  the  rate  to  become 
normal  for  that  valve  setting  is  only  6}4  minutes  on  heating  and 
4^  minutes  on  cooling,  while  the  corresponding  temperature 
interval  is  only  33' and  35®  C.  This  is  an  extremely  useful  char- 
acteristic of  the  furnace,  s^  it  enables  the  separation  of  one  trans- 
formation superimposed  on  the  end  of  another  by  holding  the 
sample  at  a  temperature  at  which  the  first  transformation  will 
complete  itself  and  then  starting.  It  also  facilitates  the  study  of 
the  effect  of  time  of  holding  in  the  proximity  of  the  transforma- 
tion temperature  on  its  position;  that  is,  determining  the  limits 
of  the  transformation  temperature  at  what  amounts  to  zero  rate 
of  temperature  change. 

V.  SUMMARY 

A  description  is  given  of  a  thermal-analysis  furnace  constructed 
on  the  principle  of  Rosenhain's  furnace,  the  chief  departures  from 
his  design  being:  (i)  Use  of  a  gravity-drive  rate  control  and  (2) 
introduction  of  the  sample  through  the  bottom  and  cold  end  of 
the  furnace.  The  advantages  and  faults  of  these  modifications 
are  mentioned. 

The  methods  of  operation  developed  and  adopted  for  use  with 
this  furnace  are  described  and  discussed,  the  principal  variation 
from  the  usual  practice  being  the  moimting  of  the  sample  in 
direct  thermal  contact  with  the  thermocouple. 

F.  E.  Mann  contributed  skill  in  the  construction  of  this  furnace 
and  Miss  H.  G.  Movius  and  H.  A.  Wadsworth  assisted  in  its  suc- 
cessful  development. 

Washington,  D.  C,  May  28,  1919. 
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« 

L  INTRODUCTION 

Anyone  who  has  had  experience  in  trying  to  make  spectro- 
photometric  measurements  of  transmission  Or  reflection  in  the 
blue  and  violet  parts  of  the  spectnmi  is  well  aware  of  the  difficulty 
of  obtaining  reliable  determinations  in  this  region.  Nearly  idl 
methods  have  relatively  low  sensitivity,  or  else  are  inaccurate  for 
other  reasons,  from  wave  lengths  400  to  500  millimicrons  (m/ii) . 
Radiometric  methods,  which  are  so  suitable  foir  infra-red  work 
and  which  have  been  used  also  in  the  visible  and  even  in  the  ultra- 
violet, are,  nevertheless,  not  of  the  highest  accm-acy  in  these 
latter  regions  because  of  the  relatively  low  radiant  power  of  all 
sources  used  for  this  kind  of  work,  the  radiant  power  decreasing 
continuously  with  the  wave  length.  It  is  very  diffiddt  to  obtain 
accurate  determinations  bdo^  500  m/u  by  the  usual  radiometric 
methods.  Any  visual  method  is  limited  in  the  blue  and  violet 
because  of  the  combined  low  visibility  of  the  human  eye  and  the 
low  radiant  power  of  the  sources  used,  except  at  the  few  wave 
lengths  where  monochromatic  light  of  great  intensity  can  be  ob- 
tained, as  from  the  merctuy  arc.  The  Hilger  sector  photometer 
method,  which  is  the  only  photographic  method  of  speed  and 
reliability,  also  has  its  limitations  for  this  region.    Being  such  a 

1  An  abst-act  of  this  paper  w»s  presented  to  the  Optical  Society  of  America  at  the  Baltimore  mcct-> 
tag,  Dec..  97,  X918. 
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practicable  method  for  the  ultra-violet,  it  is  always  used  in  con- 
nection with  a  quartz  spectrograph,  and  the  low  dispersion  thus 
obtained  in  the  violet  and  blue  makes  it  difficult  to  obtain  repro- 
ducible values  at  these  wave  lengths.  Moreover,  it  is  to  a  certain 
extent  unreliaUe  at  high  transmissions.  In  a  recent  paper  ^  some 
e^^amples  are  given  of  the  kind  of  agreements  and  disagreements 
obtained  from  400  to  500  m/t  when  the  transmissions  of  good 
specimens  were  measured  by  visual  (Konig-Martens  and  Lummer- 
Brodhun  spectrophotometers  and  Martens  photometer  with 
monochromatic  light)  and  photographic  (Hilger  sector  photo- 
meter) methods. 

However,  because  of  their  extreme  sensitivity  to  the  blue  and 
violet,  as  well  as  to  the  ultra-violet,  certain  kinds  of  photoelectric 
cells  offer  possibilities  of  devising  a  method  for  obtaining  as  acctu-ate 
spectrophotometric  measurements  from  400  to  500  m/x,  and  beyond 
this  range,  as  are  obtained  at  any  other  wave  lengths  by  any  other 
method.  The  potassium-hydride  cell  now  on  the  market,  when 
used  with  an  incandescent  lamp  and  a  glass  dispersing  prism, 
gives  a  maximum  response  usually  near  460  m/x;  and  the  photo- 
electric method,  tmder  these  conditions,  admirably  supplements 
the  visual  and  photographic  methods,  being  best  where  they 
become  poor  and  becoming  poor  only  after  they  have  become 
reliable. 

In  connection  with  the  ccdor-standardization  work  of  the 
National  Bureau  of  Standards,'  it  is  desired  to  have  available  a 
number  of  independent  methods  of  making  spectrophotometric 
determinations,  especially  in  the  visible  part  of  the  ^ectrum; 
for  it  is  generally  admitted  that  the  fundamental  basis  of  color 
speciffccatic»i  is  spectrophotometry.  To  supplen^ent  the  other 
methods  at  present  in  use  at  the  Btireau,  and  esp^ially  to  over- 
come the  pieviously  mentioned  uncertainty  of  measurements 
made  in  the  blue  and  violet,  the  writer  in  191 7  was  given  the 
problem  of  devekq>ing  a  method  for  accurate  and  convenient 
photoelectric  spectrophotoxnetry  suitable  for  routiae  determina- 
tions. A  null  method  was  decided  upon  for  reasons  which  will  be 
explained  later,  an  electrometer  serving  merely  as  an  indicator  of 
equality  between  two  photoelectric  currents.  The  making  and 
assembling  of  apparatus  was  completed  in  April,  1918;  and  since 
that  time  it  has  been  in  continual  use,  being  very  satisfactory  as 

*  OilMQii  and  McNicfaolas.  The  Ultm-Violet  and  Visible  Traasmlnioa  of  £ye-I*rotcctive  Glasses,  Buieatt 
of  Standards  Tech.  Paper,  No.  1x9,  June,  X9i9> 

*  I.  G.  Priest.  The  Work  of  the  National  Bureau  of  Standards  on  the  EsUblishment  of  Color  Standards 
and  Methods  of  Color  Specifications,  Trans.  I.  B.  S.,  XIII,  p.  38;  19x8. 
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to  speed  of  operation,  ease  of  keeping  in  working  condition,  and 
reliability  of  measurement. 

In  a  recent  paper  by  Coblentz^  is  given  a  brief  suxrunary  of 
sc^ne  of  the  characteristics  and  methods  of  use  of  the  photo- 
electric cell,  together  with  references  to  most  of  the  papers  on 
the  subject,  and  no  general  discussion  will  be  given  herein  except 
as  serves  the  needs  of  this  paper  Hitherto,  whenever  the  photo- 
electric cell  has  been  used  in  measuring  spectral  transmission 
or  reflecticm,  and,  in  fact,  in  practically  all  kinds  ci  work,  some 
form  of  deflection  method  has  been  used.  Any  deflection  method, 
except  a  method  oi  equal  deflections,  is  almost  valueless  for 
accurate  work  unless  the  relation  between  the  photoelectric 
current  and  the  exciting  radiant  power  is  accurately  known  for 
all  values  of  wave  length  and  radiant  power  to  be  used.  It  has 
been  a  much-discussed  question  whether  or  not  this  relation  takes 
the  form  of  a  straight-line  curve  for  any  or  all  photoelectric 
cells.  Suffice  it  here  to  say  that  it  has  been  concluded  by  the 
majority  of  investigators  in  this  field  that  it  is  not  safe  to  assume 
for  any  photoelectric  cell  a  direct  proportionality  between  photo- 
electric current  and  exciting  radiant  power.  Any  cell  which  is 
to  be  used  in  a  deflection  method  (with  the  exception  just  noted) 
must  first  be  carefully  tested  (and  calibrated  if  any  deviation 
from  the  straight-line  relationship  is  detected),  and.  should  be 
repeatedly  retested  to  make  sture  that  conditions  have  not  changed 
and  that  things  are  always  in  proper  working  order. 

Another  sotuce  of  trouble  in  most  deflection  methods  has  been 
the  difficulty  of  eliminating  the  so-called  dark  current;  i.  e.,  the 
current  through  the  cell  when  not  irradiated.^  When  this  has 
not  been  completely  eliminated  or  balanced,  its  magnitude  has 
tisually  been  measured  and  corrections  made  in  the  computa- 
tions. Gradually,  however,  the  technique  of  making  photo- 
electric cells  has  been  improved,  until  now  most  of  the  cells 
made  on  the  "black-body"  principle  are  found  to  obey  very 
nearly  the  straight-line  relationship,  and  the  dark  current  can 
be  much  more  easily  suppressed. 

Nevertheless,  a  method  which  eliminates « any  possible  errors 
and  the  necessity  of  any  tests,  calibrations,  or  corrections  due 
to  these  two  factors  is  of  much  greater  value  and  reliability  than 
is  any  method  into  which  these  factors  may  enter. 

'  locCnunents  and  Methods  Used  in  Radiometry,  III.  Bureau  of  Standards  Scientific  Paper,  No.  3x9. 
xyzS. 

^The  terms  irradiate  and  irradiation,  as  emphasized  byH.  E.  Ives  (Astro.  Joum.,  XLT,  p.  39;  19x7), 
should  be  used  analogously  to  the  tenns  illumijutte  and  illumination  when  radiant  energy  rather  than 
light  is  discussed. 
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Either  the  galvanometer  or  the  electrometer  may  be  used 
with  the  photoelectric  cell  in  spectrophotometry.  If  the  radiant 
powers  used  are  sufficiently  great,  then,  of  course,  the  galva- 
nometer is  quicker  and  more  convenient  than  the  electrometer. 
The  advantage  of  the  electrometer  over  the  galvanometer,  how- 
ever, is  the  greater  sensitivity  that  can  be  attained,  which  enables 
meastu-ements  to  be  made  over  a  greater  range  of  wave  lengths 
and,  at  least  for  low  values  of  transxnission,  with  much  greater 
accuracy.  The  use  of  the  electrometer  in  any  deflection  method, 
however,  requires  considerable  time  and  skill  if  acctu-ate  results 
are  to  be  obtained.  A  strict  proportionality  between  deflections 
of  the  disk,  as  read  by  means  of  the  mirror  and  scale,  and  the 
potential  acquired  by  the  quadrants  must  be  proved  by  test 
or  a  calibration  made.  The  use  of  the  rate-of-drift  method  or 
the  total-deflection  or  ballistic-throw  (in  a  given  interval  of  time) 
method  necessitates  the  use  of  timing  devices,  with  their  incon- 
venience and  possible  introduction  of  further  errors.  If  the 
electrometer  is  shunted  arotmd  a  high  resistance  and  the  steady 
deflections  read,  the  sensitivity  is  lowered. 

The  only  means  by  which  the  questions  of  the  current-irradiation 
relationship  and  the  dark  current  may  be  avoided  and  their 
possible  errors  eliminated,  while  retaining  the  extreme  sensitivity 
of  the  unshunted  electrometer,  is  by  the  proper  use  of  a  null 
method,  where  the  electrometer  serves  simply  as  an  indicator  of 
certain  desired  conditions. 

The  photoelectric  null  method  has  not  heretofore  been  used 
in  the  measurement  of  spectral  transmission  or  reflection,  indeed 
in  scarcely  any  kind  of  quantitative  work.  Its  possibilities  were 
first  brought  out  by  Richtmjrer,*  who  used  two  photoelectric 
cells  and  batteries  in  a  sort  of  Wheatstone  bridge  arrangement, 
the  electrometer  serving  merely  as  an  indicator  of  equality  be- 
tween the  currents  through  the  two  photoelectric  cells.  These 
currents  were  excited  by  the  undispersed  radiant  energy  from 
two  incandescent  lamps.  By  varying  the  distances  of  the 
lamps  from  the  cells,  data  were  obtained  which  showed  that  the 
cells  obeyed  exactly  the  same  current-irradiation  law.  He 
pointed  out  that,  besides  eliminating  all  errors  due  to  dark  cur- 
rents, this  method  makes  possible,  for  certain  kinds  of  work,  a 
precision  of  measurement  not  otherwise  available. 

The  arrangement  of  apparatus  for  the  null  method  herein 
described  is  essentially  the  same  as  that  used  by  Richtmyer,  but 

*  Phys.  Rev.  (a).  YI,  p.  66;  19x5. 
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adapted  to  the  needs  of  spectrophotoxnetry.  It  has  so  far  been 
used  for  two  purposes,  the  xneasurement  of  spectral  transinission 
and  the  measurement  of  diffuse  spectral  reflection  relative  to 
that  of  a  second  substance,  such  as  magnesiuni  carbonate,  as  a 
standard.  Other  applications  will  be  pomted  out  later.  Inas- 
much as  by  far  the  greater  part  of  the  work  for  which  the  apparatus 
was  needed  was  the  meastirement  of  spectral  transmission,  the 
method  was  designed  and  the  apparatus  installed  with  this  pri- 
marily in  mind. 

n.  SPECTRAL  TRANSMISSION 

1.  APPARATUS 

The  essential  parts  of  the  apparatus '  are  outlined  in  Fig.  i , 
which,  in  connection  with  the  key  on  the  page  opposite  the  figure,  is 
practically  self-explanatory.  In  addition  the  following  points 
might  be  noted: 

In  order  to  eliminate  so  far  as  possible  all  vibrations  which 
might  affect  the  sensitive  electrometer  disk,  the  apparatus  was 
set  up  iu  the  basement  on  the  ground  floor,  an  absolutely  rigid 
support  being  furnished  by  the  concrete  piers,  slate  slab,  and 
cast-iron  base.  This  arrangement  has  been  entirely  satisfactory, 
the  electrometer  being  unaffected  by  vibrations  of  any  kind. 

The  aluminum  box  (aluminum  being  used  because  of  its  light 
weight)  with  the  iron  base  serves  three  ptuposes: 

1.  Being  grounded,  it  gives  complete  protection  to  the  elec- 
trometer, the  photoelectric  cells,  aiid  the  connecting  wires  from 
all  extraneous  electrical  disturbances. 

2.  It  prevents  any  radiant  energy  to  which  the  photoelectric 
cells  are  sensitive  from  reaching  them,  except  what  comes  through 
the  windows  W^  or  H',.  The  inside  walls,  including  the  partitions 
N,  are  painted  a  dtdl  black. 

3.  It  makes  it  possible  to  dry  out  thoroughly  the  air  around  the 
electrometer,  the  photoelectric  cells,  and  the  insulating  mate- 
rials— an  absolute  necessity  for  success.  Concentrated  sulphuric 
acid  in  open  dishes  in  each  one  of  the  three  compartments  has  been 
very  efficient  as  a  drying  agent.  Melted  paraffin  was  poured  into 
the  lower  brass  channels  to  make  them  air-tight,  but  it  has  not 
been  necessary  to  seal  in  the  cover 

The  electrometer  is  adjusted  so  that  the  reading  of  the  spot  of 
light  is  about  the  same  when  the  disk  is  charged  to  + 1 50  volts  as 

V  The  ahaninum  indoMire,  the  ekctrameter,  the  bilateral  slits,  the  carrier  arrancement,  the  lamp  indo- 
iores.  and  many  other  minor  pieces  of  the  apparatus  were  constructed  in  the  Bufcan  instrument  shop 
byJ.A.J< 
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KS7  TO  FIG*  1 

[  ApiMratus  drawn  to  scale  shown  in  diagnun  except  for  batteries  and  a  few  other  minor  dctsfls.] 

FFFF^  Slate  slab  supported  by  two  concrete  pillars  resting  on  basement  floor. 

////—Cast-iron  base  3.5  cm  thick  resting  upon  slate  slab. 

JJJJ^  Aluminum  box  50  cm  high,  divided  into  three  oomi>artments  by  partitions  J^aad  fitting  into 

brass  channels  on  iron  base.    Has  alumintun  cover  fitting  into  brass  channels  at  top  of  box. 
£—DoiBakk  quadrant  electrometer,  resting  on  iron  base,  with  aluminum  disk  £'  suspended  by  platintBed 

quartz  fiber. 
P\Pi^  Kunz  potassium-hydride  photoelectric  cells  BUpported  by  tripods  resting  on  iron  base, 
ii  A  A*"  Heces  of  polished  amber  with  brass  rods  through  centers. 
GCr'->  Ground- wire  connections  to  water  pipe.     Cast-iron  base,  aluminum  box,  electrometer  case,  and  one 

pair  of  quadrants  permanently  grounded. 
I/—  U  tube  fiUcd  with  mercury  into  which  dips  a  pointed  smalgamstfd  copper  wire.     Used  for  make- 

and-break  ground  connection  for  second  pair  of  electrometer  qqadrants,  controlled  from  X,  X'.  or  X" 
If^TTilf^r-Windows. 
//-•Hilger  constant-deviation  spectrometer,  resting  on  slate  slab,  with  glass  prism  and  accurately  adjusts 

able  bilateral  slits  St  and  5s. 
T«>  Track  of  iron  Scimatco  optical  bench  resting  on  ground  floor. 
Lf  Mazda  C  moving-picture  lamp  rated  at  600  watts  (30  volts,  30  amperes),  filament  in  one  plane  about  z  cm 

square,  completely  inckised  except  for  cooeealed  Tcntilating  openidgt  and  openings  s  cm  in  diameter 

in  front  and  bade  of  filament.    La  is  carried  by  a  three-wheeled  car  moving  along  photometer  trade  and 

carrying  a  marker  directly  beneath  filament  by  which  its  distance  from  dit  Si  may  be  read  00  scale 

shown  in  diagram. 
Z—  Black  felt  screens,  supported  on  T,  enabling  measurements  to  be  made  with  other  lights  in  the  room. 
V— Leeds  and  Northrup  rotating  sector  and  motor  V,  supported  on  T.osed  to  test  inverse^qoarebtw  for 

Ls  and  to  increase  range  of  measurements. 
C««  Sliding  carrier,  supported  on  T,  containing  specimen  B,  whose  transmission  is  to  be  measured.    Carrier 

slides  bade  and  forth  from  C  to  C. 
(2— Container  for  selective  ray  filters. 
Li—Maxda  C  automobile  headlight  lamp  rated  at  14  watts  (7  ipolta.  9  amperes),  indoaure  similar  to  that  for 

I4,  supported  by  iron  base.    Li  and  L%  are  run  in  parallel  with  suitable  adjustable  icsifUaoca  on  a 

60-volt  storage  battery. 
Si"  Accurately  adjustable  bilateral  slit,  supported  on  iron  base,  identical  with  St  and  Si. 
(2^— White  opal  glass  screen. 
V— Battery  of  Bveready  cells,  usually  about  +150  volts,  by  which  dectrameter  disk  may  be  charged 

throm^  conducting  suspension. 
ViVv  Battery  of  Bveready  cells,  usually  about  40  and  80  volts,  respectively,  of  such  value  that  the  dark 

currents  through  Pi  and  Pt  are  approximately  equal. 
/?*  Adjustable  high  resistance. 
KKiK^  Knife  switches. 
L— a^watt  vacuum  tungsten  lacmp.    light  from  filament  is  reflected  and  focused  by  email  mirror  an  da^ 

trometer  disk  to  give  image  on  50  cm  ground-glass  scale  at  D. 
X«*  Approximate  position  of  obaerver  when  scale  is  at  D. 
X'I>%X'"I>"— Other  positions  of  observer  and  groond-gksa  scale  under  cooditions  frplalnwl  la  pap«. 

In  these  cases  light  from  L  is  reflected  to  !>'  or  17"  by  a  mirror  M'  or  Af", 
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FiQ.  z. — Diagram  qfapparahu.    Far  explanation,  se§  opposite  page 
117366^—19 2 
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when  it  is  uncharged.  However,  the  position  of  the  "charged 
zero,"  which  varies  with  the  charge,  has  no  effect  on  the  measure- 
ments. The  charging  battery  V  is  kept  somewhere  between 
+  125  and  +175  volts.  When  charged  to  +150  volts  and  with 
the  scale  at  2.5  m,  the  sensitivity  is  about  3000  mm  deflection 
for  a  difference  of  potential  between  the  quadrants  of  i  volt. 

The  prism  and  lenses  of  the  Hilger  constant-deviation  spec- 
trometer are  completely  inclosed  by  many  thicknesses  of  black 
felt,  and  absolutely  no  stray  visible  or  ultra-violet  radiant  energy 
can  get  into  the  spectrometer  except  what  comes  through  the 
sUt  S,.  Even  this  has  been  to  a  great  extent  eliminated  by  specially 
made  diaphragms  placed  in  the  collimators,  and  what  still  re- 
mains can  be  easily  taken  care  of  by  selective  ray  filters  placed 
in  Q.  The  calibration  was  carefully  checked  and  such  adjustments 
made  as  to  bring  the  436  mercury  line  into  focus  at  the  slit  5j 
without  parallax.  The  sUts  were  very  carefully  made  and  are 
acctu^tely  graduated  to  hundredths  of  millimeters.  As  shown 
in  the  diagram,  they  are  stopped  down  by  means  of  caps  fitting 
over  them,  so  that  slit  5,  is  in  effect  but  i .0  cm  and  S,  but  2.0  cm 
in  height.  5,  and  5,  are  always  kept  at  the  same  width,  usually 
0.20  mm. 

The  carrier  C  contains  two  hard-rubber  holders,  one  of  which 
holds  the  specimen  By  whose  transmission  is  to  be  studied,  while 
the  other  may  hold  a  comparison  specimen  or  be  simply  a  blank, 
as  desired.  The  whole  cani^  arrangement  is  very  substantially 
made  and  keeps  the  specimen  sectuiely  in  position,  enabling  it  to 
be  brought  back  always  to  exactly  the  same  place. 

The  arrangement  of  Lu  Su  and  Q'  is  such  that  the  amotmt  of 
radiant  energy  falling  on  the  photoelectric  cell  P^  will  be  accurately 
proportional  to  the  width  of  Si. 

The  distance  of  L,  from  S^  can  never  be  made  less  than  46  cm 
because  of  the  other  apparatus  on  the  bench,  such  as  the  sector, 
carrier,  etc.  This,  combined  with  the  fact  that  the  filament 
of  L2  is  in  a  plane  only  i  cm  square,  enables  the  inverse- 
square  law  to  be  assumed;  that  is,  the  amount  of  radiant  energy 
entering  the  slit  5,  varies  inversely  as  the  square  of  the  distance 
of  L2  from  5,.  The  rotating  sector  serves  as  a  means  of  checking 
this  inverse-square  law  and  also  as  a  means  of  making  sm-e  that 
the  apparatus  keeps  in  perfect  working  ccmdition  from  day  to  day. 
The  length  of  the  photometer  bench  enables  Lj  to  be  moved  back 
to  255  cm  from  the  slit.  Therefore,  the  range  of  transmission 
possible  with  the  10  per  cent  sector  is  from  i  .00  to  approximately 


Gbscm]  Photoelectric  Spectrophotometry  333 

0.004.  ^^^  distance  of  L,  from  the  slit  5,  is  varied  by  means  of  a 
cord  fastened  to  the  ends  of  the  car  carrying  L^  and  passing  over 
pulleys  at  the  ends  of  the  photometer  bench,  and  is  controlled  by 
the  observer  at  X  or  X'. 

By  operating  L^  and  L^  in  parallel,  errors  due  to  any  fluctuating 
voltage  are  partially  eliminated.  These  currents  through  L^ 
and  L,  are  read  by  ammeters  and  controlled  by  rheostats  operated 
from  the  position  X^  When  an  observer  works  alone,  he  takes 
the  position  X'  (the  scale  being  at  D'  and  the  mirror  at  Af  0 ,  where 
he  can  watch  the  cturents  through  L^  and  Z^,  observe  the  spot  of 
light  on  D\  and  adjust  the  distance  of  L,,  and  where  it  is  convenient 
for  him  to  change  the  wave-length  scale  of  H  and  to  shift  the 
carrier  C  back  and  forth.  If  he  has  an  assistant,  the  observer 
takes  the  position  X,  where  he  can  adjust  the  distance  of  L,  and 
observe  the  spot  of  light  on  jD.  In  this  case,  the  assistant  is  at 
X^  where  he  can  watch  the  currents,  adjust  the  wave  length, 
and  operate  the  carrier.  , 

The  switches  K^  and  K^  are  usually  kept  closed  even  when  the 
apparatus  is  not  in  use;  and  inasmuch  as  the  dark  currents  do  not 
need  to  be  exactly  balanced  for  transmission  measurements,  the 
values  of  V^  and  V^  are  very  seldom  changed.  The  value  of  the 
ratio  VJVx  necessary  to  balance  the  dark  currents  through  P^ 
and  P,  is  approximately  two,  though  this  varies  somewhat  from 
time  to  time/  The  switch  K  is  used  to  charge  the  electrometer 
disk  or  to  ground  it  when  not  in  use.  Every  few  weeks  the  bat- 
teries are  tested,  and  those  found  depreciating  are  replaced  by  new 
ones.  Otherwise  F,  V^  and  V^  need  no  attention.  Under  actual 
operating  conditions  the  various  quantities  have  so  far  usually 
had  the  followiog  values,  these  being  such  as  to  give  the  desired 
sensitivity  and  balance  with  the  lamp  L9  well  back  on  the  track : 

V  -  -f  150  volts,  approximately. 
Vi—  +40  volts,  approximately. 
V,  —  —  80  voks,  approximately . 
Si  ■*  1 .00  mm. 
^3  "■  iSs  ■■  0.20  mm. 

ti«  1. 25-1 .85  amperes — current  through  L^. 

i,— 17.0-19.5  amperes  =- current  through  L,. 

2.  METHOD 

The  theory  upon  which  the  whole  method  is  based  is  very 
simple,  inde^.  When  the  ground  connection  is  made  at  £/,  both 
pairs  of  quadrants  are  at  zero  potential.     Under  this  condition  the 
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charged  electrometer  disk  will  be  at  rest.  Let  the  voltage  ap- 
plied to  Pj  be  Vi  and  that  applied  to  P,  be  V,,  and  let  the  total 
resistances  (mainly  that  of  the  photoelectric  cells)  between  U 
and  G'  be  R^  by  way  of  Pi  and  /?,  by  way  of  P,.  Then  through 
Pi  a  current  will  flow  of  magnitude  I^^Vi/Rt  and  through  P, 
of  magnitude  /j  —  V,  /  i?,.  No  radiant  energy  to  which  the  photo- 
electric cells  are  sensitive  is  considered  as  falling  on  them,  I^  and 
I2  being  what  are  ordinarily  called  the  dark  ctirrents. 

If  the  ground  connection  at  U  is  broken^  the  electrometer  disk 
will  be  deflected  (shown  by  the  drift  of  the  spot  of  light)  unless  I^ 
is  exactly  equal  to  /,.  If  they  are  not  equal,  they  may  be  made 
so  by  changing  the  relative  values  of  V^  and  V,.  This  is  done  by 
varying  the  point  of  ground  connection  at  G\ 

Now  let  Pi  and  P,  be  irradiated  by  L^  and  L,.  This  will  bring 
about  a  great  increase  in  the  photoelectric  currents  /i  and  /,,  and 
the  irradiations  may  be  so  adjusted  (by  varying  the  currents  i^  or 
ij,  the  width  of  Si,  or  the  distance  of  Z^)  as  to  make  Ii  again  exactly 
equal  to  /,,  as  shown  by  the  zero  motion  of  the  electrometer  disk 
when  the  ground  connection  at  U  is  broken.  Now  let  the  irradia- 
tion of  Pj  from  La  be  reduced  by  interposing  the  specimen  B, 
Then  /,  will  be  less  than  /j,  and,  with  U  broken,  the  spot  of  light 
will  be  deflected.  Two  methods  may  be  employed  to  make  /i  and 
7,  again  equal,  a  means  of  obtaining  a  measure  of  the  transmission 
of  B  being  thus  possible:  (i)  The  amount  of  radiant  energy 
falling  on  Pi  may  be  decreased  by  narrowing  5i  until  /i  becomes 
equal  to  /„  the  ratio  of  the  slit  widths  in  the  two  cases  being  a 
measure  of  the  transmission;  or  (2)  the  amount  of  radiant  energy 
falling  on  P,  may  be  increased  by  moving  L,  nearer  the  slit  S^  until 
7,  again  becomes  equal  to  7i,  the  inverse  ratio  of  the  squares  of 
the  distances  in  the  two  cases  giving  the  transmission. 

The  value  of  the  transmission  obtained  by  the  two  methods  will 
be  the  same  only  in  case  the  dark  currents  are  exactly  equal  and 
in  case  the  two  photoelectric  cells  obey  exactly  the  same  irradia- 
tion-current law.  In  case  either  of  these  conditions  is  not  ful- 
filled, the  value  of  the  transmission  obtained  by  the  first  method 
will  be  in  error,  but  by  the  second  method  the  accuracy  of  the 
value  of  the  transmission  will  be  unimpaired  though  either  or  both 
of  these  conditions  are  not  fulfilled.  Therefore,  as  is  illustrated 
below,  the  transmission  is  measured  by  merely  varying  the  dis- 
tance of  L,  from  the  slit  5,,  this  distance  being  the  only  variable 
in  the  operation;  for  the  width  of  the  slit  S^  the  amount  and 
quality  of  the  radiant  energy  falling  on  Pj  and  Pa,  the  photo- 
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electric  currents  I^  and  /,,  and  the  currents  through  L^  and  L,  are 
unchanged,  whether  the  specimen  is  in  or  out. 

The  following  is  the  procedure  used  in  measuring  the  trans- 
mission of  the  specimen  B:  At  the  start  the  electrometer  disk  is 
charged  by  throwing  the  switch  K,  and  the  equality  of  the  dark 
currents  through  P^  and  P,  tested  by  breaking  the  ground  connec- 
tion of  the  electrometer  quadrants  at  U.  Then  the  lamps  L^  and 
L,  are  lighted  and  the  currents  adjusted  to  obtain  the  desired 
balance  when  the  carrier  is  in  the  position  C — ''specimen  out/' 
This  exact  balance  of  photoelectric  currents  is  obtained  by  bring- 
ing the  light  on  the  scale  D  to  rest,  not  necessarily  at  the  zero 
positicm  but  in  a  posUion  of  no  motion,  which  indicates  that  the 
electrometer  quadrants  are  receiving  no  further  charge;  that  is, 
1 1  =  /j.  Let  this  distance  of  L,  from  5,  with  the  specimen  out  be 
(2a.  Then  the  carrier  is  moved  to  position  C\  bringing  the  speci- 
men into  position  in  the  path  of  the  radiant  energy  from  Z^ — 
''specimen  in" — and,  with  S^  and  all  other  factors  unchanged^  L, 
is  moved  forward  until  a  balance  is  again  obtained^  as  indicated  by 
the  zero  motion  of  the  spot  of  light  from  the  electrometer.  Let 
this  distance  6f  L,  from  5,  with  the  specimen  in  be  (2b.  As  a 
check,  the  specimen  is  again  taken  out  (carrier  back  to  C)  and 
L,  moved  back  till  a  balance  is  again  obtained.  This  third 
reading  d^  should  check  the  first.  It  usually  agrees  to  within  a 
few  millimeters,  and  the  average  is  used.  If,  as  is  seldom  the  case, 
it  differs  by  two  centimeters  or  more,  the  readings  are  usually 
repeated.  This  depends  on  the  acxnu-acy  desirable.  Thus  three 
readings  are  taken  at  each  wave  length,  one  with  the  specimen 
in  and  two  with  the  specimen  out,  the  transmission  being  equal 
to  ((2b/(2a)'.  At  low  transmissions,  since  it  is  desirable  to  make 
sure  that  (2b  can  be  obtained,  the  readings  are  usually  taken  in 
the  order  (2b,  dx,  (2b,  the  rotating  sector  being  started  if  it  is 
impossible  to  obtain  c2a  otherwise.  For  values  of  transmission  of 
about  0.05  or  less,  the  value  oi  (2a  is  always  obtained  with  the 
sector  rotating,  the  ratio  ((2b/(2a)^  being  multiplied  by  the  proper 
factor  to  obtain  the  transmission.  More  readings  can,  of  course, 
be  taken  if  extreme  accuracy  is  desired,  bat  the  above  set  of  three, 
comprising  a  single  determinaticm,  gives  sufficient  accuracy  for 
nearly  all  kinds  of  work.  The  average  time  for  a  set  of  three 
readings  is  from  2  to  5  minutes,  and  the  first  set  can  usually  be 
obtained  within  10  minutes  after  entering  the  room. 

The  operating  current  of  L,  is  practically  always  within  the 
range  1 7.0-19.5    amperes,   19.5    being    set  as  the  upper  limit 
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in  order  to  prolong  the  life  of  the  lamp  (rated  at  20  amperes). 
The  current  ^  (through  Lj)  might  be  kept  at  19.5  amperes  at  all 
wave  lengths  and  ii  (the  cturent  through  L^)  varied  imtil  the 
desired  balance  is  obtained.  However,  this  results  in  the  blue 
in  a  sensitivity  greater  than  is  necessary.  Therefore,  it  has  been 
found  practicable  to  make  t,  about  17.0  amperes  at  460  xum, 
making  i^  of  such  value  as  to  bring  about  the  desired  balance. 
For  wave  lengths  greater  or  less  than  460  m^,  the  value  of  i^  is 
kqpt  constant  and  t,  increased  until,  at  about  410  and  540  mM» 
i^  is  made  equal  to  ^9.5  amperes.  When  measurements  are  xnade 
at  wave  lengths  greater  or  less  than  these  values,  i^  is  kept  at 
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'BiQ.  2, — Curves  showing  spsctral  response  of  cell  P%,for  currents  of  ig,$  and  17,0  amperes 
through  L2,  under  conditions  of  apparatus  shown  in  Fig.  I 

19.5  amperes  and  i^  lowered  to  get  the  desired  balance.  For  low 
transmissions,  higher  values  of  the  ratio  i^ji^  become  necessary. 
Thus  a  constant  sensitivity  is  usually  used  for  all  wave  lengths 
between  410  and  540  m/x,  but  at  wave  lengths  greater  or  less  than 
these  limits  a  lowered  sensitivity  becomes  necessary.  However, 
lowered  sensitivity  means  not  entirely  a  decrease  in  the  accuracy 
of  the  measurements,  but,  in  part,  merely  an  increase  in  the 
time  required  to  obtain  them. 

In  Fig.  2  are  shown  what  might  be  called  the  spectral  response 
curves  of  cell  P^,  for  ctnuents  of  19.5  and  17.0  amperes  through 
L,^  imder  the  particular  conditions  obtaining  with  this  apparatus; 
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that  is,  they  are  as  actually  obtaiiied,  uncorrected  in  any  way,  for 
the  variable  absorption  or  dispersion  of  the  prism  or  the  variable 
spectral  distribution  of  radiant  power  from  L,.  The  ordinates 
are  proportional  to  the  squares  of  the  distances  of  L,  from  S^ 
necessary  to  obtain  a  balance,  i^  and  5^  being  kept  constant.  The 
curves  are  doubtless  a  Httle  high  at  the  extremities,  due  to  stray 
radiant  energy  from  the  blue  or  green  regions.  Stray  ultra-violet 
radiant  energy  is  effectually  excluded  by  the  absorption  of  the 
large  glass  prism,  to  which  is  also  mainly  due  the  sharp  decrease 
in  the  response  from  460  to  380  m/i. 

3.  ERRORS  AND  ACCURACT 

As  already  stated,  certain  errors  ordinarily  met  with  when  the 
photoelectric  cell  and  electrometer  are  used  to  measure  spectral 
transmission  are  eliminated  by  the  null  method  herein  described. 
These  are: 

1.  Errors  due  to  the  photoelectric  current  not  being  strictly 
proportional  to  the  radiant  power  incident  on  the  ceU.  No 
calibrations  of  the  cells  are  necessary,  and  it  makes  no  difference 
what  the  rdation  is  between  radiant  power  and  photodectric 
current. 

2.  Bnors  due  to  what  is  ordinarily  known  as  the  dark  current. 
It  makes  no  difference  whether  or  not  it  is  eliminated.  Nor  do 
the  dark  currents  thxough  the  two  cells  have  to  be  the  same, 
though  approximately  this  condition  is  desirable  for  convenience' 
sake.  It  is  necessary  merely  that  conditions  be  steady  over  a 
period  of  from  two  to  five  minutes,  the  time  usually  required  for  a  set 
of  readings.  Actually,  conditions  seem  to  be  practically  steady 
and  unchanging  for  days»  even  weeks,  at  a  time.  In  spite  of  this, 
any  s%ht  continuous  change  in  conditions  would  tend  to  be 
nullified  by  the  procedure  of  taking  the  first  and  third  readings 
with  the  specimen  removed  and  using  the  average. 

3.  Errors  due  to  the  use  of  the  electrometer  as  a  deflection 
instrument.  Such  errors  may  be  those  due  to  the  deflections  of 
the  electrometer  disk  as  given  by  the  spot  of  Ught  on  the  scale  not 
being  strictly  proportional  to  the  charge  or  potential  acquired  by 
the  quadrants,  those  due  to  leakage  oi  charges  because  of  imper- 
fect insulation  or  moist  air,  or  those  connected  with  the  use  of 
timing  devices. 

The  errors  which  may  be  present  can  be  put  into  two  classes, 
those  resulting  from  this  method  and  apparatus  and  those  to 
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which  all  methods  of  spectrophotometry  are  liable.    The  enors 
resulting  from  this  method  and  apparatus  are  of  three  kinds: 

1.  Those  due  to  slight  variations  in  the  currents  through  the 
two  lamps.  In  spite  of  the  use  of  storage  batteries,  there  are 
often  small  variations  in  the  currents  of  one  or  both  lamps, 
usually  the  large  one,  due  probably  to  variations  in  the  contact 
resistances  by  which  the  currents  are  regulated*  If  the  first  and 
third  readings  of  a  set  disagree  by  more  than  2  cm,  it  is 
nearly  always  f otmd  to  be  due  to  one  current  or  the  other 
having  varied  and  for  the  moment  escaped  observation.  How- 
ever, by  means  of  the  ammeters  the  currents  are  kept  as  nearly 
constant  as  it  is  possible  to  judge  by  the  eye,  and  ustially  the 
third  reading  will  check  the  first  to  i  cm  or  better.  And  as 
already  noted,  the  method  of  averaging  the  first  and  third  read- 
ings tends  to  eliminate  any  errors  due  to  gradually  changing 
conditions. 

2.  Those  due  to  the  inverse-square  law  not  being  exactly 
obeyed  by  L,.  This  would  be  expected  to  be  very  small  because 
of  the  filament  occupying  an  area  of  only  i  cm*  and  because 
it  is  not  possible  to  move  the  filament  closer  to  the  slit  than 
46  cm.  It  has  been  tested  by  means  of  the  rotating  sector. 
Other  investigators^  have  found  that  Talbot's  law  holds  for 
the  photoelectric  cell;  and  a  great  number  of  observations  at 
different  times  and  at  many  wave  lengths  on  the  apparatus 
herein  described  prove  that  the  inverse-square  law  is  obeyed, 
assuming  Talbot's  law  to  hold,  or  that  Talbot's  law  is  obeyed, 
assuming  the  inverse-square  law  to  hold.  Actually,  the  error 
due  to  any  failure  of  L,  to  obey  the  inverse-square  law  is  too 
small  to  be  detected  over  the  range  of  distances  used.  It  might 
be  noted  here  that  when  the  transmission  of  thick  specimens  is 
measured,  correction  is  made  to  the  value  of  ds  as  read  on  the 
scale,  this  reading  being  larger  than  the  true  optical  distance  of 
L2  from  S^. 

3.  Errors  of  observation,  mainly  those  due  to  a  natural  tend- 
ency to  htury  and  not  wait  for  the  spot  of  light  to  come  abso- 
lutely to  rest.  Two  classes  of  work  might  be  distinguished  in 
this  connection;  first,  measttrements  where  only  ordinary  accuracy 
is  desired,  as  in  most  tests  and  in  other  work  where  information 
as  to  the  spectral  transmission  merely  is  desired;  and  secondly, 
measurements  of  a  higher  accuracy,  where  fine  specimens  are 
being  standardized  or  where  different  methods  are  being  com- 

*  H.  B.  Ivcs»  Aitro.  Jcum.,  4S,  p.  94;  1916.    J.  Eunz.  Astro.  Joum..  46,  p.  69;  19x7. 
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pared  by  means  of  standard  specimens  or  a  rotating  sector.  The 
difference  in  the  two  cases  is  partly  that  of  the  time  used  in 
making  the  observation,  higher  accuracy  being  reached  by  wait- 
ing a  longer  time  to  see  if  the  spot  of  light  is  truly  at  rest,  and 
partly  that  of  the  number  of  readings  in  a  set,  more  readings 
being  taken  for  greater  accuracy;  e.  g.,  the  first,  third,  fifth, 
and  seventh  with  the  specimen  out,  the  second,  fourth,  and 
sixth  with  it  in,  averages  being  used  in  computing  the  trans- 
mission. 

The  errors  to  which  all  methods  of  spectrophotometry  are 
liable  are  those  connected  with  the  dispersion  apparatus.  These 
may  be  due  to: 

1.  Stray  radiant  energy.  As  already  mentioned,  special  dia- 
phragms and,  when  needed,  selective  ray  filters  eliminate  this 
error  so  far  as  can  be  detected. 

2.  Inaccurate  wave-length  calibration.  The  scale  of  the  Hilger 
constant-deviation  q>ectrometer  is  already  calibrated  in  wave 
lengths  with  considerable  acciu-acy.  This  calibration  was  very 
carefully  checked  visually  from  390  to  600  m/i  by  means  of  the 
Fraunhofer  lines  and  a  curve  of  corrections  plotted,  which  is 
used  in  making  wave-length  settings.  This  correction  does  not 
amount  to  more  than  0.7  m/i  over  this  range.  It  was  rechecked 
photoelectrically  by  means  of  the  merctuy  lines  after  the  spec- 
trometer was  set  in  place.  Errors  in  the  wave-length  settings 
are  believed  to  be  not  greater  than  0.2  m/i  in  the  blue  and  0.5 
m/i  in  the  red. 

3.  The  use  of  finite  slit  widths  in  the  spectrometer.  Errors  in* 
troduced  for  this  reason  are  minimized  by  making  the  two  slits 
5,  and  5,  equal  and  constant  for  any  set  of  readings.  The  amount 
of  the  spectrum  included  at  different  wave  lengths  by  slit  widths 
equal  to  0.20  mm  is  indicated  in  Fig.  2.  Higher  accuracy  might 
be  reached  by  reducing  the  slit  widths  from  0.20  to  o.io  mm,  but 
with  the  present  voltages  on  the  cells  this  would,  except  in  the 
blue,  necessitate  lowering  the  sensitivity,  and  would  thus  decrease 
the  accuracy,  as  well  as  the  range,  at  which  it  is  possible  to  make 
measurements.  Except  for  very  narrow  bands,  this  error  due  to 
finite  slit  widths  is  considered  negligible  for  constant  values  of  0.20 
mm  or  less.  By  raising  the  voltages  on  P^  and  P3,  keeping  the 
proper  value  of  the  ratio  F,/ Vi,  the  sensitivity  would  be  increased, 
and  it  is  probable  that,  with  sufiGldentiy  higher  voltages,  the  slits 
5|  and  5,  could  be  reduced  to  o.io  mm  with  a  resulting  sensitivity 
as  great  as  at  present  used.     However,  it  is  not  desirable  to  get 
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too  near  the  critical  voltage  of  the  cells,  and  so  far  it  has  not 
seemed  necessary  to  use  voltages  higher  than  those  given.  Further 
study  of  this  question  is  planned. 

The  accuracy  of  the  transmission  measurements  obtainable  by 
this  method  and  apparatus  has  been  tested  mainly  in  two  wa3rs: 

1 .  By  measuring  the  transmission  of  rotating  sectors  of  known 
aperture. 

2.  By  measuring  the  transmission  of  standard  samples  and  other 
good  specimens  whose  transmission  has  also  been  obtained  by  other 
methods,  visual  and  photographic. 

Further  confidence  in  the  method  has  been  obtained  as  follows : 

1 .  By  measuring  the  transmission  of  two  standard  samples-  and 
using  each  of  these  in  turn  as  a  known  comparison  sample  for 
obtaining  the  transmission  of  a  third  sample. 

2.  By  measuring  samples  of  different  thicknesses  and  compar- 
ing observed  with  computed  results,  assuming  Lambert's  law. 

3.  By  repeating  measurements  on  the  same  specimen. 

4.  By  the  smoothness  of  transmission  curves  obtained. 

So  far  as  the  errors  resulting  from  this  method  are  concerned — 
viz,  those  due  to  possible  variations  in  the  currents  through  the 
lamps,  those  due  to  failure  <rf  Z^  to  obey  the  inverse-square  law, 
and  those  classed  as  errors  of  observation — ^their  combined  effect 
may  be  tested  by  means  of  measurements  made  on  the  rotating 
sectors.  Tests  have  so  far  been  made  on  sectors  rated  at  80,  50, 
and  10  per  cent  transmission,  the  true  transmissions  having  been 
determined  by  the  photometric  section  of  the  Bureau  as  0.800, 
0.500,  and  0.102.  Out  of  12  measurements  made  on  the  0.800 
sector  8  were  within  0.003  ^  ^^  value,  the  greatest  deviation 
being  0.007.  Out  of  21  measurements  made  on  the  0.500  sector 
16  were  within  0.002  of  this  value,  the  greatest  deviation  being 
0.008.  Out  of  10  measiurements  made  on  the  o.  102  sector  6  were 
within  0.0015  of  this  value,  the  greatest  deviation  being  0.003. 
These  measurements  comprise  all  that  have  been  made  since  the 
sectors  were  received,  with  the  exception  of  those  made  on  one 
lamp  which  did  not  stand  vertically  in  the  socket  and  which  gave 
values  from  0.005  to  0.015  to<>  low.  They  have  been  obtained  at 
a  mmiber  of  different  times,  on  different  lamps,  by  different  ob- 
servers, at  wave  lengths  from  400  to  600  m/t,  and  with  L,  at  dis- 
tances from  5,  varying  from  250  cm  to  50  cm.  Not  many  of  them 
are  precision  measurements,  the  majority  being  taken  with  the 
same  ordinary  care  used  in  most  transmission  measurements. 
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There  is  no  consistent  deviation  frpm  the  iaverse-square  law  when 
L,  is  anywhere  from  50  to  250  cm  from  S*,.  Conversely,  as  already 
noted,  the  above  measurements  add  considerable  proof  that  Tal- 
bot's law  of  the  rotating  sector  is  valid  when  applied  to  the  photo- 
electric cell.  The  speed  of  rotation  seems  to  make  no  difference. 
However,  the  tests  by  means  of  the  rotating  sectors  give  no 
clue  to  the  micertainties  or  errors  which  are  liable  to  be  present  in 
all  methods  of  spectrophotometry;  viz,  those  due  to  stray  light, 
finite  slit  widths,  etc.  In  fact,  the  only  final  test  for  any  method 
is  its  agreement  with  other  methods,  due  regard  being  paid  to  all 
the  known  factors  (rf  accuracy  or  error.  Inasmuch  as  an  investi- 
gation now  being  made  into  the  agreements  between  the  different 
methods  at  present  used  in  the  color-standardization  work  of  the 
Bureau  has  not  yet  been  completed,  comparison  is  made  in  this 
paper  only  with  results  obtained  visually  on  the  Martens  polar- 
ization photometer  •  at  those  wave  lengths  where  monochromatic 
light  can  be  obtained.  The  mercury  arc  has  been  used  as  a 
sotu-ce,  the  violet,  blue,  green,  and  yellow  lines  being  isolated  by 
suitable  color  screens,  giving  practically  monochromatic  light  at 
406,  436,  546,  and  578  xn/ti.  Inasmuch  as  all  questions  of  stray 
light  and  slit  widths  are  avoided  in  this  instrument,  it  is  a  valuable 
means  of  comparison.  However,  if  steep  transmission  etudes 
happen  to  be  encountered  at  406  or  578  nm,  then,  of  course, 
imcertainty  enters,  since  thfeie  are  in  reahty  two  lines  close  to- 
gether at  approximately  these  wave  lengths.  It  should  be  noted 
also  that,  since  the  transmission  is  equal  to  tan  6^  cot  0„  there 
results  at  low  transmis^ns  much  greater  accuracy  in  terms  of 
the  transmission  unit  than  at  high  transmissions.  For  example, 
the  range  of  angle  giving  transmissions  from  0.50  to  i.oo  is  about 
35^-45*'  for  ©j  and  45^-55®  for  ff„  but  for  transmissions  from  0.00 
to  0.50  the  range  is  0^-35^  and  55°-90*^,  respectively.  This 
makes  little  difference  for  green  and  yellow  light,  to  which  the  eye 
is  very  sensitive;  but  for  the  blue  and  especially  the  violet  mercury 
lines  the  uncertainty  of  measurement  for  high  transmissions  is 
considerable.  It  is  thought,  therefore,  that  discrepancies  occur- 
ring Q-t  436  and  406  m/i  are  mainly  due  to  errors  on  the  Martens 

^mm--m»-m^^m-t 1 1 — ^ — ^ — _^_^ — ^^ — ^^^ . . ^^ , — — — . . — ^ . . __      ^    _ 

*  Fhys.  Zeit.  I,  p.  999;  1900.  In  this  instrument  two  beams  of  light  from  the  same  source  are  polarized 
mixtuaUy  pcrpoidicttlar  by  means  of  a  Wollaston  prism  and  brought  together  to  form  the  two  halves  of 
a  pbotcmetric  field.  This  field  is  viewed  tfaroogh  a  nicnl  prism,  and  the  adjustment  is  such  that  tht  two 
hahres  of  the  field  are  brought  to  equality  by  the  analyzing  niool  at  about  45*  cm  the  scale.  The  sped- 
fflcn  was  placed  first  in  one  beam  and  then  in  the  other  and  the  analyzing  niool  rotated  in  each  case  until 
a  photometric  matdi  was  obtained.  The  tangent  of  the  angle  in  one  case  nraltiplicd  by  the  cotangent  in 
the  c^ber  gives  the  tznasmisrian  of  the  tpedawn;  that  is,  r>«tan  0i  cot  0|. 
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photometer.  It  is  at  546  and.  578  m/iy  if  the  curves  are  not  too 
steep  at  this  latter  wave  length,  that  the  most  valuable  checking 
can  be  done,  for  here  the  visual  method  is  of  great  precision,  while 
the  photoelectric  method  is  not  at  its  best  from  the  standpoint 
of  either  sensitivity  or  dispersion.  Whatever  accuracy  and 
reliability,  then,  is  found  for  the  photoelectric  method  at  these 
wave  lengths  should  be  equaled  or  surpassed  throughout  the 
whole  range  from  these  wave  lengths  to  and  including  410  m/i. 

A  nxunber  of  transmission  *•  cuives  are  shown  in  Figs.  3  to  9.    The 
Jena  specimens  whose  etudes  are  shown  in  Figs.  3  to  7,  with  some 
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red  samples  whose  curves  are  not  shown,  comprise  a  set  of  standat'd 

precision  glasses  kept  on  file  at  the  Btu'eau.  These  glasses,  so 
far  as  can  be  detected,  are  free  from  all  defects  such  as  stris^ 
bubbles,  etc.,  and  have  been  finished  with  great  care,  the  surfaces 
being  highly  polished  and  made  parallel  to  within  0.01  mm.  They 
were  prepared  and  are  used  mainly  for  a  comparison  of  different 
methods  in  order  that  any  discrepancies  f  oimd  may  be  laid  entirely 
to  the  methods  and  not  to  the  specimens.  The  other  samples, 
Figs.  8  and  9,  are  considered  as  fairly  good  specimens,  but  were  not 


^  The  tftitmifwion  of  a  ■pcciaieii<dituace  between  vuffun  —6)  to  defined  u  tliat  fraction  «f  ridiaiit 
power  incident  on  the  fint  surface  which  fets  throoth  the  second  surface. 
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prepared  with  such  care  as  the  Jena  standards.  "  B.  S. "  numbers 
and  Greek  letters  are  Bureau  of  Standards,  not  makers',  designa- 
tions. 

Vahies  obtained  photoelectrically  are  shown  by  the  white- 
centered  circles;  those  visually  on  the  Martens  photometer  by 
black  circles.  Values  of  transmission  below  o.io  (or  0.12,  Fig.  7) 
are  usually  plotted  to  a  scale  magnified  10  times  in  order  to  bring 
out  various  points  better.  This  is  indicated  on  the  curves  by  the 
dotted  lines.  Where  possible,  values  of  transmission  have  been 
measured  at  different  thicknesses  in  order  to  compare  observed 
with  computed  results,  asstuning  Lambert's  law.  Such  computed 
values  are  shown  by  short  horizontal  black  lines.  In  the  case  of 
the  Jena  specimens  this  computation  could  be  very  accurately 
carried  out,  for  the  index  of  refraction  n  for  each  kind  of  Jena 
glass  had  been  carefully  measured. 

In  a  study  of  these  curves,  attention  is  called  to  the  following 
points: 

1.  Curves  are  shown  for  all  specimens  which  have  ever  been 
tested  by  both  methods,  with  the  exception  of  some  blue  glasses 
which  have  the  same  types  of  curves  tod  which  show  the  same  sort 
of  agreements  or  disagreements  at  436  and  406  m/x  as  the  blue 
glasses  herein  shown. 

2.  Most  of  the  photoelectric  determinations  have  been  made  by 
the  writer,  most  of  the  visual  determinations  by  other  observers. 

3.  No  values  have  been  omitted  which  were  obtained  between 
380  and  640  m/i,  inclusive,  by  either  method. 

4.  The  values  plotted  are  in  all  cases  single  determinations;  no 
averages  have  been  used.  By  a  single  determination  is  meant  a 
value  obtained  at  any  one  wave  length  before  going  to  another 
wave  length.  On  the  photoelectric  apparatus  this  single  deter- 
nunation  consists  usually  of  three  readings — two  with  the  specimen 
out  and  one  with  it  in,  or  vice  versa.  In  but  very  few  cases  were 
more  than  these  three  readings  taken  in  a  single  determination. 
On  the  Martens  photometer  a  single  determination  consists  of 
from  2  to  10  readings  for  both  0^  and  9,. 

5.  The  values  plotted  fall  almost  tmiformly  on  a  smooth  ctuT^e, 
even  to  380  and  640  m/i.  This  is  also  shown  by  the  curves  in 
Fig.  2,  in  which  the  values  plotted  are  single  determinations. 

6.  The  values  obtained  on  the  Martens  photometer  seldom  fall 
off  this  smooth  ctu^e  by  as  much  as  o.oi.  Different  determina- 
tions of  the  transmission  obtained  on  this  instrument  show  that 
even  at  546  and  578  m/i  a  discrepancy  between  methods  is  not 
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entirely  due  to  eiim  in  the  photoelectric  xnetbod.  Discrepancies 
occurring  at  406  and  436  m/i  are  considered  mainly  due  to  error  in 
the  visual  method. 

7.  Values  below  o.  1 5 ,  when  plotted  to  a  magnified  scale,  show  the 
same  smoothness  of  curve  and  a  discrepancy  between  methods 
seldom  more  than  0.0015. 

8.  Beyond  600  m/x  an  increasing  error  is  often  noticed  in  the 
photoelectric  method  (shown  by  comparison  with  a  visual 
method,  Konig-Martens  spectrophotometer,  of  known  reliability 
in  this  r^on)  amounting  in  some  cases  to  as  much  as  0.05  at  650 
m/i.  A  careful  study  of  conditions  beyond  600  m/i  has  not  been 
made. 

9.  Discrepancies  between  observed  and  computed  results  are  of 
interest  as  a  test  of  Lambert's  law,  but,  in  general,  shotdd  not  be 
considered  as  a  test  of  the  accuracy  of  a  method. 

In  addition  to  the  data  given  in  the  figures,  values  of  trans- 
mission  at  546  m/i  have  been  meastued  by  each  method  on  a 
ntmiber  of  fairly  good  specimens.  The  results  were  no  different 
from  those  illustrated  by  the  curves. 

Besides  the  data  herein  given  showing  the  kind  of  agreements 
obtained  by  these  two  methods,  many  other  data  are  on  file  which 
have  been  obtained  by  other  methods,  visual  and  photographic, 
and  which  will  in  time  be  published.  By  a  comparison  with  all 
these  methods  and  after  nearly  a  year's  continual  use,  it  is  believed 
that  the  following  statements  of  the  accuracy  obtainable  by  the 
photoelectric  null  method  herein  described  are  true: 

1.  Between  wave  lengths  410  and  550  m/«,  inclusive,  the 
uncertainty  of  measurements  is  not  greater  than  o.oi  for  values 
of  transmission  between  0.00  and  i.oo,  and  not  greater  than 
0.003  between  0.00  and  o.io." 

2.  Beyond  this  range  as  far  as  390  and  600  m/i,  inclusive,  the 
uncertainty  is  not  greatly  increased,  being  at  these  wave  lengths 
not  more  than  twice  as  great  as  throughout  the  better  range. 

3.  To  state  it  in  another  way,  the  percentage  uncertainty  from 
wave  lengths  410  to  550  m/i,  inclusive,  varies  from  not  more  than  i 
per  cent  at  high  transmissions  to  not  more  than  10  per  cent  for 
values  of  transmission  equal  to  o.oi  or  less,  with  slightly  increas- 
ing uncertainty  beyond  these  wave  lengths  as  far  as  390  and  600 
m/x,  inclusive. 

II  I  I  «         I         ■         ■ii.iii..iiii..ii«iiiii.iii         »       -  ■■  II  !■  I  I  I         iiimii.i. 

11  To  illuatrate :  If  tzansmiflsion  values  equal  to  0.793  or  0.0396  be  obtained,  it  is  belienred  that  the  true 
values  can  be  guaranteed  to  be  within  the  values  0.783  to  0.803  or  0.0366  to  0.0426,  respectively.  This 
method  d  stating  the  uncertainty  is  folkfired  thmnghont  the  paper,  except  in  payagimph  j  on  this  page. 
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The  diffuse  spectral  reflection  of  substances  is  measured  rela- 
tive to  that  of  some  "white"  substance,  such  as  magnesium 
carbonate,  taken  as  a  standard  and  given  the  value  of  i.oo  for 
the  reflection  at  all  wave  lengths.  The  changes  necessary  in 
transforming  the  apparatus  to  the  measurement  of  reflection 
instead  of  trammission  may  be  explained  by  means  of  Fig.  lo. 
The  lamp  L^  (Fig.  i),  which  for  its  minimum  distance  from  the 
slit  5a  is  in  the  position  of  L,  (Pig.  lo)  for  transmission  measure- 
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Fig.  io. — Illustrating  changes  in  apparatus  necessary  for  measuring  diffuse  spectral 

reflection 

ments,  is  raised  to  the  position  of  Z^^  and  kept  in  that  position 
without  further  change.  The  hard-rubber  holders  which  keep 
the  specimen  B  (Fig.  i)  in  position  are  removed  from  the  car- 
rier C.  The  material  whose  reflection  is  to  be  studied  is  held 
firmly  in  position  over  one  of  the  openings  in  C  as  indicated  at  jS 
(Fig.  lo),  being  pressed  firmly  and  uniformly  against  the  out- 
side of  C  by  means  of  a  suitable  clamp  fastened  to  C.  The  com- 
parison substance  is  clamped  in  position  over  the  outside  of  the 
other  opening  in  C   (not  shown  in  Fig.  lo).    By  means  of  a 
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lens  and  mirror,  as  shown,  the  radiant  energy  from  L^'  is  brought 
to  a  focus  on  the  surface  of  the  reflecting  substance  at  P,  in  front 
of  5,.  In  short,  the  arrangement  is  such  that  either  the  standard 
substance  or  that  whose  reflection  is  to  be  measured  may  be 
brought,  by  moving  the  carrier  C  back  and  forth,  into  position  in 
exactly  the  same  place  in  the  focus  of  the  radiant  energy  from 
Lj'  and  directly  in  front  of  the  slit  5,.  The  diffuse  reflection  in 
the  direction  of  5,  enters  the  spectrometer  and  reaches  the  cell 
P,  as  before,  the  photoelectric  current  thus  excited  being  bal- 
anced by  the  current  from  P^  due  to  L^.  The  observer  takes  the 
position  X"  (Fig.  i),  where  he  can  vary  the  width  of  5i  while 
watching  the  spot  of  light,  the  mirror  and  scale  being  at  M" 
and  Z>'^  As  before,  an  assistant  is  at  X\  where  he  can  watch 
the  currents,  manipulate  tiie  carrier  C,  and  adjust  the  wave- 
length scale  of  H.  » 

To  obtain  the  value  of  the  diffuse  reflection,  the  followix^ 
readings  are  taken:  First,  the  standard  magnesium-carbonate 
surface  is  brought  into  position  before  5,  in  the  focus  of  the 
radiant  energy  from  L,',  and  Sj  varied  to  obtain  a  balance.  Then 
the  sample  whose  reflection  is  to  be  measured  is  brought  into 
position  by  moving  the  carrier  C,  and  S^  varied  to  get  a  new 
balance.  Fincdly,  a  check  value  of  5i  is  taken  with  the  standard 
back  in  position,  and  the  ratio  of  the  value  of  S^  with  the  sample 
in  position  to  the  average  of  the  values  of  5^  when  the  standard 
is  in  position  is  taken  as  the  reflection  of  the  sample  relative  to 
that  of  the  standard. 

As  so  far  used,  the  slits  5,  and  5,  have  usually  been  made 
0.25  or  0.30  mm  wide,  although  for  values  of  reflection  below 
0.05,  as  well  as  at  390  m/i,  they  are  usually  made  0.40  or  0.50 
mm;  and  at  460  m^u,  when  the  magnesium-carbonate  surface  is 
before  S,,  the  value  of  5i  necessary  for  a  balance  is  from  1.50  to 
2.00  mm,  the  currents  through  the  lamps  being  the  same  as 
before.  Under  these  conditions  the  sensitivity  is  thus  approxi- 
mately the  same  as  that  used  in  measuring  transmission.  There 
is  this  difference,  however.  In  the  method  used  for  trans- 
mission measurements  a  constant  sensitivity  is  used  throughout 
a  single  determination — that  is,  whether  the  specimen  is  in  or 
out — ^but  in  the  method  just  described  for  reflection  the  sensitivity 
depends  on  the  reflection,  and  thus  varies  in  a  single  determina- 
tion.   This  is  unimportant  except  at  very  low  reflections. 

This  is  still  a  null  method  and  avoids  all  errors  connected  with 
electrometer  deflection  methods.    But,  as  afaready  mentioned. 
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errors  will  be  introduced  in  this  use  of  the  null  method  if  the  two 
photoelectric  cells  do  not  obey  the  same  current-irradiation  law 
and  if  the  two  dark  currents  through  P^  and  P,  are  not  exactly 
balanced.  As  previously  explained,  the  dark  currents  may  be 
balanced  by  adjusting  the  ground  connection  G^  (Fig.  i)  until  the 
ratio  VJV^  is  of  the  proper  value.  That  the  two  photoelectric 
cells  obey  practically  the  same  cturent-irradiation  law  has  been 
proved  at  different  times,  with  the  apparatus  as  in  Fig.  i,  by 
testing  the  relation  between  values  of  the  squares  of  the  distances 
of  La  from  S,  and  the  corresponding  values  of  the  width  of  Si 
necessary  to  obtain  a  balance  as  shown  by  the  electrometer.  The 
results  show  that  for  a  balanced  condition  the  width  of  the  slit  5i 
is  directly  proportional  to  the  squares  of  the  distances  of  L,  from 
S,;  that  is,  there  is  a  straight-line  relation.  When  plotted,  the 
values  of  5^  show  no  consistent  deviation  from  this  straight  line, 
being  never  more  than  o.oi  mm  from  it  for  values  between  0.30 
and  2.00  mm.  At  0.20  mm  and  below,  this  deviation  is  occasion- 
ally, though  not  always,  as  much  as  0.02  mm.  Above  2.00  mm, 
it  has  not  been  tried. 

The  method  has  not  been  as  thoroughly  tested  as  that  for  trans- 
mission measurements.  A  few  tests  have  been  made,  however,  on 
various  substances,  and  a  comparison  with  other  methods,  visual 
and  photographic,  has  been  thus  possible.  It  is  believed  that  the 
following  statements  are  true  in  regard  to  the  reflection  of  com- 
pletely diffusing  substances  relative  to  that  of  some  second  com- 
pletely diffusing  material  Uke  magnesitun  carbonate: 

1.  Between  410  and  550  m/i,  inclusive,  the  uncertainty  of 
values  obtained  is  not  greater  than  0.02  for  values  of  relative 
reflection  between  0.00  and  i.oo,  and  not  greater  than  0.0 1  be- 
tween 0.00  and  0.20. 

2.  This  uncertainty  increases  somewhat  as  wave  lengths  390 
and  600  m^i  are  reached,  being  perhaps  twice  as  great  as  through- 
out the  better  range. 

IV.  OTHER  APPLICATIONS 

The  apparatus  as  herein  described  is  well  adapted  for  the  com- 
parison of  the  spectral  distribution  of  radiant  power  of  two 
sources  over  the  same  range  of  wave  lengths  as  used  in  transmis- 
sion and  reflection  measurements.  If  the  two  sotu-ces  are  such 
that  they  obey  the  inverse-square  law,  the  method  of  varying 
their  distances  from  S,  could  be  used,  Sx  being  kept  constant.  If 
the  inverse-square  law  were  not  obeyed  by  either  source,  the  other 
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method  could  be  used,  their  distances  from  Sj  being  kept  constant 
and  Si.  varied  to  obtain  a  balance.  The  accuracy  would  be  the 
same,  respectively^  as  that  already  stated  for  the  measurement  of 
transmission  or  reflection.  For  greatest  accturacy  a  device  should 
be  made  by  which  first  one  and  then  the  other  source  could  be 
moved  into  position,  check  readings  being  tak^i  on  one  source 
before  and  after  the  reading  on  the  other.  For  lack  of  such  a 
device^  curves  similar  to  those  of  Fig.  2  for  each  source  could  be 
obtained  by  varying  the  distance  of  the  source  from  S,  or  by 
varying  the  width  of  S^  and  the  ratio-  of  the  ordinates  of  the  two 
curves,  wave  length  by  wave  length,  would  give  the  relative 
spectral  distribution  of  radiant  power.  If  one  of  the  two  lamps 
is  a  standard  whose  radiant  power  curve  is  known,  4hen,  of 
course,  the  actual  distribution  curve  for  the  other  lamp  could  be 
computed. 

Another  use  to  which  this  apparatus  could  be  put  would  be 
the  measurement  of  fluorescence.  If  a  curve  similar  to  that  of 
Fig.  2  were  obtained  for  a  source  whose  ^)ectral  distribution  of 
radiant  power  is  known,  this  curve  could  be  reduced  to  that  for 
a  soun^e  emitting  equal  amounts  of  energy  at  all  wave  lengths. 
With  the  apparatus  amutiged  as  in  Fig.  10,  the  fluorescent  ma* 
terial  could  be  held  in  the  position  of  the  reflecting  surface  j3, 
and  the  exciting  radiaait  eneigy,  which,  of  course,  must  be  of 
constant  intensily  and  of  wave  length  different  from  that  of  the 
fluorescence,  focused  upon  it.  The  values  of  Si  necessary  for  a 
balance  could  then  be  obtained  at  each  wave  length ;  and  if  these 
values  were  divided  by  the  values  for  the  equal-energy  soince,  the 
result  wotdd  be  tiie  amount  of  energy  emitted  by  the  fluorescent 
substance  at  each  wave  length. 

As  already  mentioned,  the  sudden  decrease  of  the  sensitivity 
as  wave  lengths  shorter  than  460  m/A  are  eucotmtered  is  largely 
due  to  the  absorption  of  the  large  glass  prism  in  the  Hilger  con- 
stant-deviation spectrometer,  the  potassium-hydride  surface  being 
very  sensitive  to  the  ultra-violet.  There  is,  of  course,  nothing 
about  the  method  which  would  prevent  its  extension  into  the 
ultra-violet,  if  a  spectrometer  with  quartz  prism  and  lenses  were 
used  in  place  of  the  present  instrument.  The  windows  Wi  and 
W2  (Pig.  i)  die  made  of  quartz,  and  photoelectric  cells  can  be 
obtained  made  entirely  of  quartz  or  with  quartz  windows.  For 
wave  lengths  shorter  than  about  300  m/x,  a  different  sotnce 
would  have  to  be  used  because  of  the  absorption  in  the  thin  glass 
bulb. 
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V.  SUMMARY 

Reliable  determinations  of  spectral  transmission  throughout  the 
green,  blue,  and  violet  have  been  made  by  means  of  the  photo- 
electric null  method  as  herein  described. 

This  apparatus  has  been  in  continual  use  since  April,  1918,  and 
has  proved  very  satisfactory  as  regards  speed  of  operation,  ease  of 
keeping  in  proper  working  condition,  and  accuracy  of  measurement. 

All  errors  have  been  eliminated,  as  well  as  the  jiecessity  of  any 
tests,  calibrations,  or  corrections,  in  connection  with  the  current- 
irradiation  law  or  the  dark  currents  of  the  photoelectric  cells,  or 
with  dectrometer  deflection  methods. 

The  only  variable  in  the  process  of  making  a  determination  of 
the  transmission  at  any  wave  length  is  the  accurately  measurable 
distance  of  a  small  light  source  from  the  slit  of  the  spectrometer. 

Because  of  the  higher  sensitivity  of  the  electrometer,  it  has 
been  possible  to  make  measurements  over  a  greater  range  and, 
at  least  for  low  values  of  transmission,  with  greater  accuracy  than 
could  be  made  if  a  galvanometer  were  used. 

The  accuracy  has  been  tested  by  measuring  the  transmission  of 
rotating  sectors  of  known  apertiue  and  the  transmission  of  stand- 
ard glasses  which  have  been  measured  by  other  methods,  visual 
and  photographic.    It  is  beheved  the  following  statements  are  true : 

1.  Between  wave  lengths  410  and  550  m/i,  inclusive,  the 
uncertainty  of  measurements  is  not  greater  than  o.oi  for  values 
of  transmission  between  0.00  and  i.oo,  and  not  greater  than 
0.003  ^^^  values  between  0.00  and  o.io. 

2.  Beyond  this  range  as  far  as  390  and  600  m/c  the  uncertainty 
is  slightly  greater,  being  at  these  wave  lengths  perhaps  twice  as 
great  as  throughout  the  better  range. 

Measurements  of  diffuse  spectral  reflection  relative  to  that  of 
magnesium  carbonate  have  been  made,  comparison  with  other 
methods  indicating  an  uncertainty,  between  wave  lengths  410 
and  550  m/£,  inclusive,  not  greater  than  0.02  for  values  of  relative 
reflection  between  0.00  and  i.oo,  and  not  greater  than  o.oi  for 
values  between  0.00  and  0.20,  this  tmcertainty  becoming  perhaps 
twice  as  great  as  wave  lengths  390  and  600  m/A  are  reached. 

The  method  is  also  applicable  to  the  measurement  of  the  rela- 
tive radiant  power  of  two  sources  and  to  the  measurement  of 
fluorescence,  and  could  be  extended  into  the  ultra-violet  if  quartz 
parts  were  used  instead  of  glass. 

Washington,  February  12,  1919. 
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I.  INTRODUCTION 

Ledebur's  method  ^  for  determining  oxygen  in  sted  and  iron  is 
carried  out  by  heating  chips  of  the  metal  to  900^  in  a  airrent  of 
hydrogen  and  weighing  the  water  formed  by  the  (t3rpe)  reaction 
(i)  FeO  +  Ha  «*  Fe^  +  H,0.  If  oxides  of  other  metals  are  present 
these  may  or  may  not  be  affected.' 

In  order  that  the  results  shall  be  accurate,  it  is  essential  that 
(i)  thfe  reduction  shall  be  performed  only  by  hydrogen,  and  not  by 
the  carbon  present  in  the  steel;  (2)  the  water  vapor  formed  shall 
not  be  decomposed  by  secondary  reactions  before  it  is  weighed; 

>  Itedcbur,  IjdtiaAen.  fur  Buenhdtten  I^abotatorien.  ptli  Aufl.,  p.  154. 
•  CoJn  and  Pettljohn,  Burcftu  of  Standards  Tedmical  Paper  No.  zx8;  19x9. 
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(3)  conditions  must  be  chosen  so  that  the  equilibrium  of  reaction 
(i)  is  shifted  as  far  as  possible  toward  the  right.      ^ 

How  complicated  reaction  (i)  may  be  when  applied  to  steel — 
i.  e.,  an  iron-carbon  system  instead  of  iron  only — can  be  seen  by 
inspection  of  equations  2  to  9  inclusive,  which  describe  various 
interreactions  that  are  possible  in  the  gaseous  phase  or  between 
gaseous  and  solid  phases  in  the  system  iron,  iron  oxide,  carbon, 
and  hydrogen  at  900®. 

Reactions: 

(2)  FeO+C?=tFe  +  CO 

(3)  FeO+CO?=fcFe+CO, 

(4)  2CO?=i^C03+C 

(5)  Fe+YCO  =  FeCy+XCO, 

(Fe.C?) 

(6)  C03  +  H,5=±CO  +  H,0 

(7)  C0+YH,5=±H,0  +  XCHy 

(8)  C  +  H20?=iC0  +  H, 

(9)  C  +  H,=XCHy 

(10)    2H,0?=i2H,+0a 

Ledebur  seems  to  have  overlooked  or  disregarded  these  reactions 
when  he  devised  his  method,  and  the  present  work  was  undertaken 
to  give  information  as  to  their  effect  on  the  results  obtainable  by 
the  Ledebur  method  when  certain  variables  are  introduced  into  it. 
These  reactions  have  been  studied  from  different  angles  by  many 
workers,  but  usually  the  conditions  of  their  investigations  are  so 
different  from  those  described  herein  that  not  many  conclusions 
can  be  drawn  from  the  previous  work.  However,  certain  deduc- 
tions can  be  made  with  a  reasonable  degree  of  certainty. 

Langmuir's  work '  shows  that  the  thermal  dissociation  of  water 
into  hydrogen  and  oxygen  (equation  10)  is  negligible  at  900®  to 
1000°. 

Reaction  (2)  was  investigated  by  Schenk  and  Heller*  with 
regard  to  the  specific  effect  of  different  forms  of  carbon.  They 
found  that  amorphous  carbon  was  more  active  than  graphite  in 
reducing  iron  oxide.  Falcke  •  states  that  reactions  (2)  and  (3) 
proceed  together  and  begin  at  500^  to  600^. 

Reaction  (4)  has  been  investigated  by  Rhead  and  Wheeler*, 
Fay  and  Seeker,^  and  others.     The  study  of  this  reaction  is  usually 

s  Irvine  Longmuir,  J.  Am.  Chrtn.  Soc.,  88.  p.  1357;  1906. 

«  Ber.,  88.  p.  ax39;  1905. 

'  Falcke,  Z.  Blectrochemle.  81,  pp.  37-50, 19x5;  88,  pp.  xax-133;  19x6;  Ber.,  46,  pp.  743^50^ 

*  Rhcftd  and  Wheeler,  J.  Chcm.  Soc.,  VI,  p.  9x78, 19x0;  98.  p.  1x40,  x9xz;  101,  p.  Q3X,  X9za. 

'  Tay  and  Seeker,  J.  Am.  Chem.  Soc.,  86,  p.  640;  19013. 
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connected  with  investigations  of  reactions  (2)  and  (3),  since  re- 
duced metals  and  their  oxides  catalyze  these  reactions  in  one 
direction  or  the  other. 

The  principal  restilts  of  these  researches  that  concern  the  present 
investigation  are  (i)  that  reaction  (4)  takes  place  toward  the  right 
only  at  temperatures  below  1000®;  (2)  that  the  speed  of  the 
reaction  is  greatly  affected  by  temperature;  for  instance  at  850® 
it  is  66  times  as  fast  as  the  reverse  reaction  (Rhead  and  Wheeler 
loc.  dt.);  (3)  that  the  reduced  iron  and  unreduced  oxide  both 
catalyze  the  reverse  reaction ;  (4)  that  the  speed  of  the  gas  current 
through  the  apparatus  or  over  the  catalyzers  is  of  great  importance. 

Reaction  (5)  has  been  investigated  by  Giolitti  ■  in  connection 
with  casehardening  experiments.  His  book  on  casehardening 
gives  many  other  references.  This  reaction  proceeds  rapidly  above 
810^. 

Reaction  (6)  has  been  studied  by  O.  Hahn  •  and  by  Boudouard ;  *• 
reaction  (8)  has  also  been  studied  by  O.  Hahn."  The  reduction 
of  carbon  monoxide  by  hydrogen,  where  water  is  the  only  reaction 
product  instead  of  hydrocarbons,  as  indicaied  in  reaction  (7), 
has  been  studied  by  Gautier.  The  reduction  of  carbon  dioxide 
by  hydrogen  takes  place  at  temperatures  as  low  as  400^. 

Reaction  (8)  has  been  frequently  investigated  in  connection 
with  gas-producer  studies ;  the  reduction  of  water  vapor  by  carbon 
b^ins  at  about  600®  and  is  very  rapid  at  1 100®. 

The  formation  of  hydrocarbons  from  interaction  of  carbon  and 
hydrogen  (reaction  9)  has  been  studied  by  the  authors  and  men- 
tioneil  by  others.  Such  reactions  are  easily  possible  under  the 
conditions  prescribed  by  Ledebur,  and  they  took  place  in  some  of 
the  experiments  described  later  in  this  paper. 

n.  EXPERIMENTAL  STUDY 

To  study  the  relation  of  these  reactions  to  the  Ledebur  method, 
a  series  of  experiments  was  made  in  which  mixtures  of  iron  oxide 
and  iron  containing  iron  carbide  or  of  iron  and  various  forms  of 
carbon  were  heated  to  900°  in  pure  hydrogen.  The  proportions 
of  the  mixtures  and  the  rates  of  passage  of  the  hydrogen  were 
varied  in  a  systematic  way,  and  the  reaction  products  were  col- 
lected and  studied. 

•  Giofitti,  P.,  Cementation  of  Iran  and  Steel  (translated  by  Richards  and  Roniller),  Graw-HUl  Book 
Co.,  N.  Y.;  19x5. 

•  O.  Hahn,  Z.  Fhyaik.  Chem..  42,  p.  70s,  1903;  44,  p.  5x3,  X903;  48.  p.  735;  1904. 
■M.  Boodonaxd,  But  Soc.  Chim.,  3d  series,  S6,  484;  1901. 

»I<occit. 
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1.  APPARATUS 

The  apparatus  used  is  shown  in  Pig.  i .  It  consists  of  the  elec- 
trolytic hydrogen  generator  (H)  with  reservoirs  G,  followed  by 
bubble  counter  B  and  calcium  chloride  lower  T,  the  preheater  P 
and  its  absorber  (A)  (PaOJ  for  removing  traces  of  oxygen  from 
the  hydrogen,  the  furnace  and  combustion  tube  (F)  for  heating  the 
mixtures  (which  are  contained  in  quartz  boats) ,  phosphorous  pen- 
toxide  tubes  (U)  for  collecting  the  water  formed,  and  sulphuric 
acid  guard  tube  U\  When  carbon  dioxide  was  to  be  determined, 
a  Meyer  tube  containing  barium  hydroxide  was  used  to  collect  it; 
the  precipitated  barium  carbonate  was  filtered  off  and  titrated. 
The  apparatus  for  determining  carbon  monoxide  followed.  This 
is  described  in  detail  later  in  this  paper.  The  electrolytic  hydrogen 
generator  and  its  purif3nng  apparatus,  and  also  the  special  electric 
furnace,  are  illustrated  and  described  elsewhere.** 

The  glass  tube  (C)  was  cemented  on  the  porcelain  combustion 
tube  with  De  Khotinsky  cement;  the  grotmd-glass  cap  (O)  could 
be  removed  and  a  boat  introduced  without  removing  C  With  a 
little  care  in  lubrication  of  (O)  this  device  was  found  very  satis- 
factory. By  suitable  maniptdation  of  the  stopcocks  at  either  end 
of  the  combustion  tube,  it  could  be  freed  of  air  by  alternately 
evacuating  (an  efficient  water  aspirator  was  found  very  satisfac- 
tory) and  filling  with  hydrogen.  Two  evacuations  and  replace- 
ments with  hydrogen  reduced  the  residual  oxygen  (from  air)  to 
less  than  0.000022  g,  provided  the  aspiration  reduced  the  pressure 
to  20  mm  merciuy.  Any  good  aspirator  will  do  this  at  moderate 
room  temperatures ;  at  higher  temperatures  prevailing  in  summer 
a  vacuiun  of  30  mm  mercury  is  obtained.  This  wotdd  leave 
0.00009  g  oxygen  in  the  tube  after  two  evacuations.  The  effect 
of  such  quantities  of  oxygen  is  negligible  in  the  present  work. 
The  temperature  of  the  furnace  was  determined  every  few  days 
with  a  thermocouple  and  held  at  900^  by  maintaining  a  constant 
current. 

2.  PROCBBURB 

The  boat  containing  the  mixture  being  tested  was  placed  in  the 
furnace  and  the  residual  oxygen  and  water  vapor  removed  as 
described.  The  ciurent  was  then  ttuned  on  the  fmnace  and  the 
ptuified  hydrogen  admitted;  the  rate  of  passage  of  this  current 
was  kept  constant  and  was  calculated  from  the  total  voliune  used 
(determined  from  the  change  of  height  of  the  water  in  G)  divided 

u  Om&  and  Pettijohn.  loc  dt. 
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by  the  time  it  was  passed.  The  heating  of  the  tube  to  900°  from 
room  temperature  required  about  20  minutes.  The  average  time 
required  for  an  operation  was  i  }4  hotu^.  At  the  conclusion  of  an 
experiment  the  cturent  was  shut  off  from  the  furnace  and  cocks  Si 
and  5s  were  closed;  the  phosphorous  pentoxide  tube  was  discon- 
nected and  weighed  after  standing  in  the  balance  one-half  hour. 
Many  experiments  were  made  with  the  different  tjrpes  of  reduction 
described  later,  in  order  to  be  certain  that  all  reduction  products 
had  been  removed  from  the  furnace  in  the  allotted  time;  these 
tests  were  made  by  connecting  a  second  phosphorous  pentoxide 
tube  and  aspirating  during  another  half  hour.  In  all  cases, 
except  a  group  of  experiments  where  very  low  rates  of  hydrogen 
were  used,  the  gain  in  weight  of  the  second  tube  was  negligible 
(0.01  to  0.02  mg).  The  difficulty  just  mentioned  in  the  case  of 
low  rates  of  hydrogen  passage  was  met  by  removing  the  vapor  by 
exhausting  the  whole  system  back  to  cock  5,.  This  was  done  with 
a  water  aspirator  and  was  so  effective  that  all  the  water  from  a 
reaction  was  absorbed  by  the  phosphorous  pentoxide  tube  in  10 
minutes.  This  tube  was  inclosed  in  an  outer  vessel  (a  vacuum 
desiccator),  also  evacuated,  so  as  to  prevent  collapse  of  its  thin 
walls.  A  number  of  blank  determinations  made  according  to  the 
procedure  above  described,  but  with  no  substance  in  the  boat, 
showed  them  to  be  negligible  (less  than  o.i  mg).  These  blank 
determinations  were  made  at  frequent  intervals  and  the  results 
were  always  below  the  limit  stated  except  with  very  high  rates  of 
hydrogen  admission.  This  was  probably  because  the  catalyzer 
had  insufficient  capacity  to  completely  remove  the  oxygen  impu- 
rity at  these  rates.  However,  the  correction  necessary  even  in 
such  cases  was  very  small  (about  i  per  cent  of  the  total  water 
weighed) . 

3.  MATERIALS  USED 

(a)  Magnetite  Ore,  Bureau  of  Standards  Analyzed  Sample 
No.  29, — Certificate  analysis  FeO  28.78  per  cent,  FejO,  52.2  per 
cent;  the  rest  was  SiO,,  TiO„  Al^Os,  VjO^,  MnO,  CaO,  MgO, 
K3O,  Na^O,  and  P3O5.  With  the  exception  of  the  V3O5,  which  is 
reduced  to  VjOg,  these  are  all  substances  not  reduced  by  hydrogen 
under  the  conditions  used  in  these  investigations.  (See  Cain  and 
Pettijohn,  loc.  dt.)  Water  calculated  as  equivalent  to  i  g  of 
orie  =  0.2390  g. 

(6)  Sibley  Iron  Ore,  Bureau  of  Standards  Analyzed  Sample  No. 
27, — Certificate  analysis  Fe  69.2  per  cent;  P  0.037  per  cent;  SiO, 
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0.77.    Assuming  all  the  Fe  to  be  present  as  Pe^Oa  the    water 
calculated  as  equivalent  to  i  g  of  Qre«o.3345  g. 

(c)  Acheson  Graphite,  Powdered. — This  contained  about  99.5 
per  cent  carbon. 

(d)  White  Cast  Iron.-^TotBl  carbon  3.98  per  cent  graphitic 
carbon  0.02  per  cent;  combined  carbon  (by  difference)  3.96 
per  cent. 

4.  REDUCTION  EXPERIMEIITS  WITH  MSTURBS  OF  RON  OXIDB  AND 
GRAPHITS-CONSTANT  RATE  OF  PASSING  HTDR06BN 

Mixtures  of  the  magnetite  and  Sibley  ores  with  graphite,  as 
shown  in  Table  i,  were  reduced  at  900^,  passing  hydrogen  at  the 
rate  of  2  liters  per  hour.  The  reaction  was  studied  by  deter- 
mining the  amounts  of  water  formed. 

TABLE  1.— Reductioii  of  MiztoraB  of  Inm  Ozido  and  Gcaphlto 

f  Amodnt  of  B!|  ooBitent] 


Onaaad 

W«l8litol 

on 

CtttMHI  ill 

Water 
calcotated 

Wator 
toand 

Water  ^ 
raoowod 

Mametllft.  B.  S.  Ko.  29 

f 

0.3002 
.0984 
.1011 
.1007 
.1001 
.1007 

Pwooot 

0.00 

.00 

.00 

3.70 

20.00 

65.00 

f 

0.0718 
.0235 
.0338 
.0232 
.0231 
.0232 

1 

0.0722 
.0232 
.0335 
.0234 
.0232 
.0832 

Pw  OOllt 

100.4 

Do 

98.4 

Slbtov  on.  B.  S.  Ho.  27. 

99.2 

if  ■rnotllth  B.  S.  No.  29 

100.8 

Do 

100.3 

Do 

IOOlO 

These  results  show  that  graphite  tmder  these  conditions  exerts 
no  reducing  action  on  the  iron  oxide,  all  the  reduction  being 
performed  by  the  hydrogen. 

5.  REDUCTION  EXFERIlflENTS  WITH  MIZTURSS  OF  IRON  OXIDB  AND 
IRON  CONTAnONG  IRON  CARBIDB  (COMBINED  CARBON)-CONSTANT 
RATE  OF  PASSING  HYDROGEN 

A  mixture  of  4  g  of  the  Sibley  ore  with  i  g  of  graphite  was 
heated  for  20  hours  at  900^  with  hydrogen  passing  until  the 
escaping  gas  no  longer  gave  a  test  for  water;  the  mixture  was 
cooled  in  the  furnace  under  hydrogen  and  then  pulverized.  This 
operation  gave  an  iron  high  in  combined  carbon. 

Mixtures  of  this  substance  with  the  magnetite  ore  in  the  propor- 
tions shown  in  Table  2  were  prepared,  reduced  as  described  in 
section  4,  and  the  amounts  of  water  formed  in  each  experiment 
noted. 
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TABLE  2.— Reduction  of  Mixtures  of  Iron  Oxide  and  **  Cemented  ''  Irai 

[Anumnt  of  H|  oonstant] 


WelKlitol 
ore 

Weiitbtof 
cemented 

Weter 
calculated 

Water 
leooveced 

Water 
recovered 

C 
0.1004 
.1008 
.1005 
.1002 
.1004 

C 
0.1400 
.1450 
.2015 
.3504 
.4911 

g 
0.0240 
.0241 
.0240 
.0240 
.0240 

f 
0.0232 

.0230 
.0226 
.0176 
.0157 

Percent 
96.6 
95.5 
94.2 
73.4 
65.5 

The  results  of  Table  2  show  that  the  amotint  of  water  decreases 
as  the  proportion  of  "cemented  iron"  increases  in  the  mixtitres, 
which  show  that  the  carbon  in  the  mixture  has  partially  reduced 
the  iron  oxide. 

6.  REDUCTION  EZPERIMBNTS  WITH  mXTURES  OP  IRON  OXIDE  AND 
CHILLED  CAST  IRON,  PARTIALLY  ANNEALED  AND  UNANNEALED— 
CONSTANT  RATE  OF  PASSING  HYDROGEN 

Mixtures  of  the  annealed  and  unannealed  iron  (crushed  to  80 
mesh)  and  magnetite  ore  as  shown  in  Table  3  were  prepared  and 
reduced  in  hydrogen  at  900°,  the  water  being  collected  and 
weighed.  The  rate  of  passage  of  the  hydrogen  in  the  experiments 
described  in  Table  3  was  the  same — about  i  liter  per  hotu*.  The 
cast  iron  was  a  convenient  material  to  use  for  these  experiments, 
since  it  contained  a  known  large  amount  of  combined  carbon. 

TABLE  3. — ^Redttctioa  Experiments  with  Miztnres  of  Iron  Oxide  and   Cast  Iran 


[Amoant  of  Hs  coutanl] 

A.  PARTIALLY  ANNEALED  IRON 

a 

Weight  of 
ore 

WeiCbtof 
cost  Iran 

Water  cal- 
culated 

Water  re* 
covered 

Water  re- 
covered 

C 

f 

f 

1 

Percent 

0.1007 

0.2652 

0.0241 

0.0194 

ao.5 

.1000 

•  449o 

.0239 

.0163 

68.2 

.1000 

.4725 

.0239 

.0106 

45.2 

.1006 

.4727 

.0240 

.0109 

45.4 

.1005 

.5880 

.0240 

.0092 

38.0 

B.  UNANNEALED  IRON 


0.1002 

0.2007 

0.0239 

0.0107 

44.9 

.1001 

.4006 

.0239 

.0093 

38.9 

.1000 

.5020 

.0239 

.0057 

23.8 

o  Tlie  oxygen  content  of  the  iron  before  annealing  was  0.034  per  cent.    This  iron  was  only  partially 
annealed,  which  explains  the  A  and  B  xcsults  of  the  above  table. 
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These  results  show  that  the  jaeld  of  water  dunijushes  as  the 
proportion  of  cast  iron  in  the  mixtures  increases  and  that  the 
Specific  effect  of  imannealed  iron  is  greater  than  that  of  the 
annealed  iron.  The  carbides  in  the  iron  seem  to  be  responsible 
for  the  disturbance  of  the  reaction. 


The  details  of  these  experiments  are  shown  in  Table  4  and  in 
F^.  2.    The  amounts  of  water  recovered  increased  with  all  mix- 


|t« 


Fio.  a 

tures  as  the  rate  of  passing  hydrc^en  increased  and  approached  a 
maximum  limit  at  the  rate  of  3  liters  per  hour.  As  shown  by 
Fig.  2,  it  would  be  impossible  to  recover  more  than  75  per  cent  of 
the  water  when  the  ratio  of  ferrous  oxide  to  carbon  (combined)  is 
I  to  5.  In  any  steel  the  proportion  of  carbon  relative  to  ferrous 
oxide  is  much  greaterthan  this,  hence  it  seems  very  probable  from 
these  experiments  that  the  Ledebur  method  can  not  determine 
more  than  75  per  cent  of  the  oxygen  in  steels  and  that  the  actual 
recovery  will  be  much  les^  if  hydrogen  is  passed  too  slowly. 
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TABLE  4.— Reduction  of  a  Mixture  of  Iraa  Oxide  and  Unannealed  Chilled  Iron 

[Anaoat  of  hydrocoi  vutod] 


WeWol 

ora(B.  S. 

No.  29) 

Weight  of 
cut  Iran 

fj— n— ^ 

Watorcal- 

Water  re- 
covered 

Water  re- 
coveced 

1 

f 

mpi/iioiif 

f 

f 

Per  cent 

Ol2002 

1.0010 

0.80 

a  0478 

aoio2 

21.3 

.2007 

1.0010 

.45 

.0480 

.0115 

24.2 

.2001 

1.0050 

.85 

.0478 

.0173 

36.2 

.2005 

1.0004 

1.20 

.0480 

.0194 

4a4 

.2003 

1.0000 

1.40 

.0479 

.0223 

46.6 

.2001 

1.0000 

LSO 

.0478 

.0254 

53.2 

.2000 

1.0006 

1.70 

.0478 

.0268 

55.0 

.2000 

L0007 

1.90 

.0478 

.0276 

57.8 

.2000 

1.0002 

2.40 

.0480 

.0313 

65.4 

.2002 

1.0000 

8.10 

.0480 

.0319 

66.5 

.2000 

1.0000 

3.80 

.0480 

.0339 

70.7 

.2004 

1.0000 

4.70 

.0482 

.0349 

72.5 

.2007 

1.0000 

6.80 

.0482 

.0352 

73.0 

8.  INVESTIGATIONS  CONCERNING  THE  OXYGEN  NOT  EVOLVED  AS  WATER 

m  THE  PRECEDING  EXPERIMENTS 

Since  the  experiments  described  in  the  preceding  sections  had 
shown  such  a  large  deficit  under  certain  conditions  in  the  yield 
of  water  to  be  expected,  it  was  decided  to  determine  the  form  and 
amounts  of  some  of  the  compounds  other  than  water  which  were 
carried  out  of  the  furnace  by  the  escaping  hydrogen.  The 
probable  constituents  in  this  mixture  were  carbon  monoxide, 
carbon  dioxide,  saturated  hydrocarbons,  and  tmsaturated  hydro- 
carbons. 

Nesmjelow**  has  shown  that  carbon  monoxide  can  be  deter- 
mined in  the  presence  of  saturated  hydrocarbons  and  hydrogen 
by  passing  oxygen  and  the  gaseous  mixture  several  times  over 
copper  oxide  heated  to  250*^.  Unsaturated  hydrocarbons  inter- 
fere to  some  extent  in  this  determination,  but  the  conditions  of 
these  experiments  seemed  unfavorable  for  the  production  of  any 
considerable  proportion  of  such  compounds,  and  this  part  of  the 
work  was  carried  out  on  this  assumption.  The  total  amotmt  of 
saturated  hydrocarbons  (which  was  accurately  determined,  see 
later  paragraphs) ,  as  shown  in  Table  5,  was  very  small;  hence  the 
assumption  that  the  per  cent  of  imsaturated  hydrocarbons  was 
still  smaller  seems  justified. 

Preliminary  tests  of  Nesmjelow's  method  confirmed  his  results, 
and  this  method  was  accordingly  adopted  for  the  study.  The 
apparatus   for   these   determinations   followed   the   phosphorus 

1*  Nesmjelow.  Z.,  Analy.  Chen.,  48,  p.  933;  1909. 
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pentoxide  tube  shown  at  L^  in  Pig.  i »  and  consisted  of  (i)  a  Meyer 
tube  filled  with  barium  hydroxide  to.  absorb  the  carbon  dioxide, 
(2)  an  electrically  heated,  hard-glass  combustion  tube  filled  with 
copper  oxide  maintained  at  a  temperature  of  250®,  (3)  a  Meyer 
tube  filled  with  barium  hydroxide  solution  for  absorbing  the 
carbon  dioxide  produced  m  the  copper  oxide  tube,  (4)  a  porcelain- 
combustion  tube  heated  to  850**  for  oxidizing  the  saturated  hydro- 
carbons, and  (5)  a  Meyer  tube  filled  with  barium  hydroxide 
solution  for  collecting  the  carbon  dioxide  generated  in  this  furnace. 
The  barium  carbonate  in  the  various  Meyer  tubes  was  determined 
by  the  titration  method."  The  results  are  shown  in  Table  6,  which 
is  arraaged  to  show  the  total  recovery  of  the  carbon  in  the  solid 
gaseous  phases.  This  was  done  by  determining  the  carbon  left 
in  the  solid  substance  after  each  experiment  ani  adding  to  it  the 
carbon  found  in  the  gaseous  phase.  The  results  are  also  shown 
graphically  in  Fig.  2. 

These  experiments  show  that  the  greater  proportion  of  the 
missing  oxygen  excapes  as  carbon  monoxide,  and  that  this  effect 
is  minimized  by  increasiag  the  rate  at  which  the  hydrogen  passes. 
If  the  carbon  monoxide  and  carbon  dioxide  curves  are  extrapolated 
they  intersect  the  horizontal  axis  at  about  5;  in  other  words,  if 
hydrogen  were  passed  at  the  rate  of  5  liters  per  hotu",  or  faster,  no 
carbon  monoxide  or  dioxide  would  be  produced.  It  is  doubtful, 
however,  whether  such  extrapolation  is  justified. 

9.  OXTGSN  BETBRMmATIONS  BY  THE  LEDEBUR  METHOD  ON  THE  SAME 

STEELS  WITH  VARYING  RATES  OF  HYDROGEN 

In  order  to  show  the  specific  application  of  the  preceding  work 
to  the  determination  of  oxygen  in  steels  by  I/cdebur's  method, 
determinations  were  made  on  several  steels  when  hydrogen  was 
passed  at  rates  varying  from  0.7  to  5.3  liters  per  hotir.  The 
samples  were  prepared  by  cutting  under  oil  and  with  the  other 
precautions  described  by  Cain  and  Pettijohn  (loc.  cit.).  The 
results  are  shown  in  Table  7  and  bring  out  quite  clearly  the 
necessity  for  a  rapid  current  of  hydrogen. ' 

>^  J.  R.  Cain,  Bureatt  of  Standards  Tedmlcal  Paper  No.  33;  Z9i4- 
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TABIB  7.— Oiygen  Datemilxutioiia  oa  Steels;  Variable  Amoimts  of  Hydxogea  Used 


GtaalUMd* 


Speed  oC 
faydncen 

Oiyten 

Jtaaftmax 

Pareenl 

l.$ 

0.017 

5.3 

.029 

.7 

.025 

1.0 

.030 

1.4 

.033 

4.0 

.038 

1.1 

.015 

4.7 

.023 

1.1 

.020 

4.6 

.030 

Add  open  health,  0.2  per  eenl  C;  B.  S.,  Ne.  19e. 


heailh,  OJ  per  oat  C;  B.  flit  He.  Ut. 


Acldepeaheeftht0.8pereeBtC;  B.8.9He.84. 


heeitht  1.0  per  oent  C;  3B.  8.,  Ne.  Ita. 


•AH  were  Btucett  of  Staadarde  analyzed  ninples. 

m.  GENERAL  DISCUSSION 

Considering  the  experimental  results  of  this  paper  in  relation 
to  some  of  the  reactions  given  in  the  introductory  section,  it  is 
evident  that  the  rate  of  hydrogen  passage  affects  certain  of  the 
reactions  and  has  no  effect,  or  only  minor  effect,  on  others.  Re- 
actions (2) ,  FeO  +  C^Fe + CO,  and  (3) ,  FeO  +  CO  ti;Fe + CO,,  would 
tend  to  produce  larger  amounts  of  carbon  monoxide  with  increase 
in  hydrogen  rate,  which  is  contrary  to  the  experimental  results 
obtained.  Hence  tmder  the  experimental  conditions  herein 
described  these  reactions  are  not  much  affected.  The  equi- 
librium of  reaction  (4),  2C0?=iC0a  +C  (i.  e.,  thermal  dissociation  of 
carbon  monoxide),  would  be  shifted  toward  the  left  with  rapid 
hydrogen  passage,  a  result  in  conformity  with  what  was  fotmd. 
Reaction  (6),  CO,  +  Ha?=iCO  +  H3O,  tends  to  proceed  toward  the 
right  in  the  900^  zone  of  the  furnace;  hence  a  rapid  current  of 
hydrogen  would  have  the  effect  of  suppressing  production  of 
carbon  monoxide  by  this  reaction  since  the  reacting  substances 
would  thus  be  carried  away  rapidly  from  the  reaction  zone. 
This  expectation  is  also  borne  out  by  the  results  of  this  paper. 
Reactions  (7),  CO  +  H, - H^O  +  CxHy ,  and  (9),  C  +  H,=Cx'Hy', 
do  not  seem  to  be  greatly  affected,  as  shown  in  experiments 
6,  7,  8,  and  9  of  Table  6,  by  variation  of  the  hydrogen  rate.  No 
conclusions  regarding  these  reactions  could  be  drawn,  however, 
without  further  work. 

Reaction  (8),  C  +  H^O^CO  +  H,,  is  the  one  most  affected  by  the 
amount  of  hydrogen  passed,  its  shift  being  toward  the  left,  in  con- 
formity with  theory.  As  shown  in  Table  4,  the  equilibrium  for 
this  equation  under  conditions  described  in  Section  VI  permits  no 
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more  than  75  per  cent  of  the  teductioa  of  the  ferrous  oxide  to  be 
.  affected  by  hydrogen  in  the  reaction  FeO  +  C  +  H,^Fe  +  H,0  +CO. 
One  particular  experimental  condition  of  Section  VI  just  referred 
to^  namely,  a  ratio  of  carbon  to  ferrous  oxide  of  5  to  i ,  was  chosen 
to  simulate  to  some  extent  the  ratio  of  carbon  to  ferrous  oxide 
that  might  be  expected  in  steels.  Hence  it  seems  safe  to  say  that 
in  determining  oxygen  in  steels  by  the  Ledebur  method  not  over 
75  per  cent  of  that  present  as  ferrous  oxide  will  be  shown.  Actu- 
ally, if  analyses  hitherto  reported  by  other  workers  are  correct  and 
if  the  oxygen  in  steels  reported  by  them  was  really  present  as  ferrous 
oxide,  the  ratio  of  carbon  to  oxidein  steels  is  much  greater  than  5  to  i , 
and  hence  the  proportion  of  oxygen  determined  in  steels  by  the 
Ledebtu:  method  is  probably  still  less. 

IV.  CONCLUSIONS 

1.  Graphite  does  not  reduce  ferrous  oxide  or  water  vapor  at 
900°  if  hydrogen  is  passing  at  the  rate  of  2  liters  or  more  per  hoiu:. 

2.  Combined  carbon  in  iron  reduces  ferrous  oxide  (with  forma- 
tion of  carbon  monoxide)  under  the  conditions  given  in  conclusion 
I ,  to  an  extent  varying  with  the  proportion  of  carbide  present. 

3.  The  percentage  of  ferrous  oxide  reduced  by  hydrogen  from  a 
mixture  of  iron  carbide  with  ferrous  oxide  is  a  f imction  of  the  rate 
of  passage  of  the  hydrogen,  and,-  as  shown  by  experiments  in  this 
paper,  reaches  a  maximum  of  75  per  cent  reduction  when  hydrogen 
passes  at  about  3  liters  per  hour.  The  remaining  oxygen  is 
evolved  principally  as  carbon  monoxide  and  partly  as  carbon 
dioxide. 

4.  The  Ledebur  method  imder  most  favorable  conditions  prob- 
ably can  not  account  for  more  than  75  per  cent  of  the  oxygen 
present  in  a  steel  as  ferrous  oxide. 

Washington,  January  18,  1919. 
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X.  INTRODirCTIOW 

I  « 

I 

In  a  previous  paper  ^  was  treated  the  theory  of  the  use  of  a 
three-^ectrdde  vacuum  tube  as  an  amplifier,  showing  the  impor- 
tance of  the  amplification  constant  as  determining  the  voltage 
amplification  of  the  tube  and  the  internal  resistance  of  the  tube 
in  the  plate  or  output  circuit  as  determining  the  alternating 
current  flowing  in  that  circuit.  A  dynamic  method  was  given  for 
determining  these  important  quantities  directly. 

The  present  paper  is  an  extension  of  the  theory  and  is  con- 
cerned with  the  characteristics  of  the  grid  or  input  circuit.  The 
input  impedance  of  the  tube  is  of  importance  in  determining  the 
input  power  and  the  voltage  supplied  to  the  input  terminals  of 
the  tube  by  the  apparatus  in  the  input  circuit. 

>  lCUler»  Proc.  I.  R.  B.,  6, 141 »  1918. 
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If  the  grid  of  the  tube  is  positive  with  respect  to  the  filament, 
there  will  be  a  flow  of  electrons  between  the  filament  and  grid.  If 
distortion  is  neglected  and  the  frequency  is  so  low  that  capacity 
effects  are  negligible,  the  internal  input  circuit  is  under  these 
conditions  characterized  by  a  pure  resistance  and  an  emf  in 
series.  The  value  of  the  resistance  is  determined  by  the  n^procal 
of  the  slope  of  the  grid-current — grid-voltage  characteristic  cor- 
responding to  the  operating  voltages.  This  is  analagous  to  the 
internal  or  output  resistance  of  the  plate  circuit.  The  internal 
emf  which  acts  in  the  grid  circuit  is  determined  by  the  product  of 
the  ratio  of  the  slopes  of  the  grid-current — ^plate-voltage  and 
grid-current — grid-voltage  characteristics  with  the  alternating 
voltage  of  the  plate  relative  to  the  filament  which  occurs  as  the 
result  of  a  load  in  the  plate  circuit.  This  again  is  analagous  to 
the  way  in  which  the  amplification  constant  and  impressed  alter- 
nating voltage  on  the  grid  determine  the  voltage  acting  in  the 
plate  circuit  of  the  tube.  All  of  these  facts  are  implicitly  con- 
tained in  the  equations  (5)  derived  by  M.  Latour '  in  his  pa{)er  on 
the  "Theoretical  Discussion  of  the  Audion." 

If  the  grid  of  the  tube  is  negative  with  respect  to  the  filament 
so  that  no  appreciable  electron  flow  takes  place  between  these 
electrodes,  it  would  appear  offhand  that  the  input  impedance  of 
the  tube  would  be  rather  unimportant  in  determining  the  voltage 
received  from  the  apparatus  in  the  external  circuit.  In  very 
many  cases  in  practice,  however,  this  is  not  true,  and  as  a  conse- 
quence of  the  capacities  between  the  tube  electrodes  and  con- 
necting wires,  the  internal  characteristics  of  the  plate  circuit  of 
the  tube  and  the  external  load  in  the  plate  circuit,  the  character 
of  the  input  impedance  of  the  tube  markedly  affects  its  behavior 
as  an  amplifier.  The  following  treatment  will  be*  concerned 
solely  with  the  character  of  the  input  impedance  of  the  tube  when 
the  grid  is  negative  with  respect  to  the  filament. 

It  will  be  shown  that,  when  the  load  in  the  plate  circuit  is  a 
resistance  or  capacity  the  input  impedance  can  be  represented 
as  a  positive  resistance  and  capacity  in  series.  Thus  the  tube  is 
not  a  pure  voltage  device,  but  absorbs  power. 

When  the  load  is  inductive  the  input  impedance  can,  in  many 
cases,  be  represented  as  a  negative  resistance  and  capacity  in 
series.  This  represents  regeneration  through  the  tube  itself,  and 
is  of  importance  in  the  regenerative  effects  and  oscillations  in^ 

amplifiers. 

— — ~       -  *  _.   1 

>M.  I«atoar.  "Electrician,"  78,  p.  280;  1916. 
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n.  GENERAL    THEORY    OF    THE    DEPENDENCE    OF    THE 
INPUT  IMPEDANCE  UPON   THE  LOAD   IN  THE  PLATE 

ciRcnrr 

A  three-electrode  vacuum  tube  and  associated  circuits  may  be 
represented  diagrammatically  as  in  Fig.  i,  where  the  continuous 
fims  represent  the  circuits  outside  of  the  tube,  while  the  dotted 
fines  show  the  internal  electrical  characteristics  of  the  tube.  The 
points  F,  G,  and  P  represent  the  three  electrodes,  filament,  grid^ 
and  plate.  The  filament,  grid,  and  plate  batteries  are  not  shown. 
Between  filament  and  grid  in  the  external  circuit  is  applied  the 
input  emf  which  is  an  alternating  voltage  £, .  In  the  external 
circuit  between  filament  and  plate  is  inserted  apparatus,  such  as 
phones,  or  the  primary  winding  of  a  transformer,  and  this  is 
designated  in  the  figure  as  any  impedance  Zp->i?p+/Xp  where 
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Fio.  z. — Diagramatic  representation  cf  a  vacuum  tube  and  external  circuits 

Rp  is  the  resistance  component  and  Xp  the  reactance  component. 
The  latter  may  be  positive  or  negative,  according  as  to  whether 
it  is  inductive  or  capacitive.  Within  the  tube  the  capacities 
between  the  three  electrodes  are  represented  by  Cj,  C,,  and  C,. 
In  general,  the  capacities  between  the  leads  to  these  elements  are 
not  negligible  and  will  be  assumed  to  be  lumped  in  correct  manner 
with  the  intraelectrode  capacities.  Further,  as  shown  in  the 
earlier  paper  cited  above,  the  impressed  emf  Eg  gives  rise  to  an 
internal  emf  k  Eg  (A^ » amplification  constant)  which,  acting  in 
series  with  the  internal  output  resistance  rp,  is  impressed  between 
the  filament  and  plate  of  the  tube.  In  this  diagrammatic  repre- 
sentation of  the  tube  it  is  assumed  for  simplicity  that  the  capacities 
between  the  tube  electrodes  and  appropriate  leads  are  free  from 
dielectric  absorption  and  that  the  grid  is  maintained  sufficiently 
n^^tive  with  respect  to  the  filament,  and  the  insulation  and 
vacuum  are  such  that  there  is  no  appreciable  conductive  flow 
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between  the  grid  and  filament  as  a  result  of  the  impressed  emf  £,. 
Otherwise  it  would  be  necessary  to  assume  resistances  in  series  or 
in  parallel  with  the  capacities  Q,  C„  and  Cg  to  represent  dielectric 
losses  and  an  emf  and  series  resistance  in  parallel  with  Q,  as  dis- 
cussed above. 

The  problem^  then,  of  finding  the  input  impedance  of  the  tube 
Zf  is  that  of  determining  the  current  /,  which  flows  in  the  external 
input  circtdt  as  a  result  of  the  voltage  E^,  In  Pig.  2  the  circuit 
is  redrawn  and  the  currents  represented  as  /,,  I^,  /,,  /„  etc. 


Fig.  2. — Vacuum  tube  an^  external  circuits  cls  an  eUdrical  network 

By  Kirchhoff's  laws  we  have  the  following  seven  equations 
connecting  the  seven  unknown  currents,  which  permit  us  to  deter- 
mine Ig  in  terms  of  the  quantities  Eg,  k,  Zp,  fp,  Ci,  C^,  and  C,. 
Thus, 

*£,-/.  rp+/,Zp  (i) 


/•«/4+/. 


0-7,  Zp+- 


/. 


y«Cg 


/,=/.+/4 


o 


'•  +,  '- 


I, 


j  (a  Cf    j  <a  C,     j  <o  Cx 


I.-Ir+I. 


£.-7 


A 


;«C» 


(2) 
(3) 
(4) 

(5) 
(6) 


(7) 


KUminating  I^,  I,,  I„  I^,  J„  and  /,  between  these  equations  and 
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E 
writing  z^  «-v^we  obtain  the  following  expression  for  the  input 

impedance: 

- ^    ^-^P (8) 


2. 


rp 


k  C^+Ct+C^+^iC^  +  C;)  +j  w  rp  (Q  c^+c^  c,+c^  cj 


Substituting  Zp  -  i?p + ;  Xp  (9) 

in  (8)  we  obtain  the  eqtiation 

where 

a=i?p(C,H-C.)+^^ 

&-Xp(C,+C«)--^-~  ,    , 

■^  ^   '       "     «rp    «  ,  (11) 

^p 

And  if  Zg  is  separated  into  resistance  and  reactance  components 
Tg  and  Xgf  we  have 

^••^''•H-;^*  (12) 

ac+bd  >    . 

^«— ?+^  <^3) 

be— ad  .    . 

If  Xp  is  negative,  corresponding  to  a  capacity  reactance  in  the 
plate  circuit,  we  have  the  following  terms  in  the  numerator  of  r,: 

Pontive  terms  Negative  tenns 

«Xpi?p(C,+Q(C,C,+C,C,  +  C,CO       wXp/Jp   {C^^Cii    (QC,+ 
^  (C, + Q  (AC, + Ci + C  J  ^  (QC, + QC, + CQ 

Tp  Tp 

-*^  (*C,+C^+Q  ^  (&C,+C,+CJ 


«r»*    -     -       *       --  wr, 


p 
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Positive  terms  N^iative  terms 


(C, + Q  (AC, + C, + Q  ^  (C  A + CtC + CjO^i 

P  ^P 


It  is  evidait  from  inspection  that  the  positive  terms  will  exceed 
numerically  the  negative  terms  when  Xp^o,  and  since  the  denom- 
inator of  fg  is  always  positive,  r,  must  always  be  positive. 

The  resistance  component  of  the  input  impedance  of  a  three- 
electrode  vacutun  tube  is  always  positive,  and  hence  the  input 
absorbs  power  if  the  load  in  the  plate  circuit  is  capacitive  or  a  pure 
resistance  even  when  the  grid  is  negative  with  respect  to  the  fil- 
ament. 

In  the  succeeding  treatment  it  will  be  shown  that  the  input  im- 
pedance of  the  tube  may  be  equivalent  to  a  considerable  capacity 
with  a  high  resistance  in  series,  in  which  case  the  absorption  of 
power  in  the  input  of  the  tube  becomes  very  large. 

If,  however,  the  load  is  inductive  (X|>>o),  the  terms  above 
which  contain  Xp  will  change  sign.  The  numerator  of  r,  will  then 
become 


p  ^p 

Hence  r g  will  be  negative  if 


^>^  (jiC.-^C+kc;^  +^  {kc,-^c,-^kc;i  +i?pC,.         (15) 

oiT-p       r^  Tp 

The  resistance  component  of  the  input  impedance  of  a  three- 
electrode  vacuum  tube  can  be  negative  and  the  tube  will  supply 
power  to  the  external  input  circuit;  i.  e.,  regenerate,  if  the  load  in 
the  plate  circuit  is  inductive. 

This  explains  the  regenerative  effect  of  an  inductive  load  pre- 
viously noted  by  Armstrong,'  and  also  the  regenerative  effects  and 
oscillations  in  amplifiers,  which  can  occur  even  when  there  is  no 
electrostatic  or  electromagnetic  coupling  between  the  input  and 
output  circuits  other  than  through  the  tube  itself. 

The  dependence  of  the  regenerative  action  upon  the  inductive 
load  in  the  plate  circuit  will  be  treated  theoretically  and  experi- 
mentally ia  a  succeeding  section. 

*  Armstrong.  B.  H.,  Proc.  I.  R.  B..  8.  p.  axs,  19x5;  in  porticukr  Pig.  xo.  on  p.  aao. 
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m.  INPUT  IMPBDANCB  FOR  THE  CASB  OP  A  PUKE  RBSIST- 

ANCB  LOAD  UK  THB  PLATB  CIRCITIT 

We  will  first  consider  the  case  where  the  load  in  the  plate  cir- 
cuit is  a  pure  resistance;  that  is,  Zp^Rp.  Equation  (8)  then 
becomes 

If  we  let  a  -fp  (C, +Q 

d-fp  (C,  Ct+Ci  C,+Ct  C|) 


fpi 


Tfaenz 


If  the  input  impedance  is  represented  by  an  apparent  resistance 
Tg  in  series  with  an  apparent  capacity  c^ ,  the  values  of  these 
quantities  are  given  by 

a'c+6  d 


r«- 


'    bc  +  Ofa^d 

The  relative  importance  of  the  quantities  involved  may  be  ex- 
pressed by  6>  >  a,  c  >  >  d.  Hence  at  low  frequencies  (in  gen- 
eral for  «  <io*) 

a  c^b  d 

*  •  '   *  9    mm  I  .  %     ■■ 

For  i?p=»0;  r^— O;  c^—Ci+C,.    Under  these  conditions  the  plate 
circuit  constitutes  a  short  circuit  between  filament  and  plate, 
eliminating  the  capacity  C,  and  putting  Cx  and  C,  in  parallel  be- 
tween grid  and  filament. 
I3e038«— 19 — 2 
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As  Rp  increases  relative  to  rp,  both  r^  and  Cg  increase,  r,  can 
increase  to  nearly  fhe  order  of  rp.  The  variation  in  c^  can  be  ex- 
pressed by  the  ^nation 

Prom  this  it  appears  that  the  capacity  C,  between  grid  and  fila- 
ment is  important  in  increasing  the  apparent  input  capacity. 
The  maximum  increase  (forRp  >  >  rp)  is  k  Cj.     It  is  of  interest 

k  R 
to  note  that  the  quantity  — —^  is,   under  the  assumed  fre- 
quency conditions,  the  ratio  of  the  voltage  across  Rp  to  the  input 


^mSlSU^^M    Umid    »i> 


Pio.  3. — Variation  of  input  ckaracUrisUcs  with  tuistanco  load  in  tht  plate  circuit 

voltage  Eg  and  hence  determines  the  voltage  amplification  per 
stage  of  a  resistance  coupled  amplifier.  Thus  the  apparent  input 
capacity  can  become  a  ntunber  of  times  greater  than  the  actual 
capacities  between  the  tube  electrodes,  and  since  the  apparent 
input  resistance  can  also  become  very  high,  the  dissipation  of 
power  in  the  input  circuit  of  the  tube  may  be  considerable,  even 
when  the  grid  is  negative  with  respect  to  the  filament. 

When  the  frequency  is  so  high  that  the  terms  containing  <a*  be- 
come important,  these  resistance  and  capacity  effects  become  less 
marked.    For  very  high  frequencies 


O 


This  latter  is  the  capacity  of  Ct  and  C«  in  series  and  paralleled 
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by  Ci — ^t.  e.,  the  capacity  between  filament  and  grid  with  the 
plate  circuit  open.  At  these  frequend^,  however,  the  voltage 
across  the  resistance  Rp  is  reduced,  because  of  capacity  effects 
and  approaches  zero  with  increasing  frequency.  Fig.  3  shows 
the  variation  of  r,  and  Cg  with  the  load  Rp  for  a  particular  tube  of 
the  J  or  VT-i  t)rpe  for  wave  lengths  longer  than  about  2000  m. 

IV.  EXPBKIMBNTAL  DBTBRMINATIOIIS  WITH  A  PURB  RE- 
SISTAITCE  LOAD  IN  THE  PLATE  CIRCXIIT 

1.  DXTBRMraATIOir  OF  k,  r^  AND  ^^ 

A  dynamic  method  for  determining  k  and  fp,  which  was  de- 
scribed in  an  earlier  paper/  was  utilized  in  these  measurements. 
Since  with  a  constant  plate  battery  the  actual  voltage  on  the  tube 
is  reduced  as  a  result  of  the  drop  in  voltage  across  Rp^  the  deter- 

kR  ' 
minations  were  so  made  that  values  of  k,  fp,  and  p      '^    cotdd  be 

/vp  +  fp 

obtained  which  corresponded  to  the  actual  voltage  on  the  plate 
for  a  given  Rp.  This  was  effected  by  obtaining  curves  for  k  and 
fp  for  varjring  plate  voltages,  and  then,  with  a  constant  plate 
battery,  the  actual  voltage  on  the  tube  was  determined  for  differ- 
ent values  of  Rp  by  making  readings  of  the  plate  current  and 
computing  the  voltage  drop. 

Two  of  the  tubes  used  in  the  experiments  and  the  electrical 
data  of  their  use  are  described  in  Table  i. 

TABLE  1 


Type. 

Plate 
vottage 

Tlleiiienl 

Gfld 

ToUage 

J«rVr-l 

40 
40 

1.1 
0.2 

-1.5 

VT-3 

—1.5 

Figs.  4  and  5  give  the  cmves  showing  the  dependence  of  k,  fp, 

k  R 
and  V,  ^   upon  the  load  Rp  for  these  two  tubes. 

/vp  +  fp 

2.  BBTSMCDrATION  OF  A,  (7,,  AJXD  C, 

A  series-resistance  capacity  bridge  was  used  to  measure  the  tube 
capacities,  using  an  amplifier  and  phones  as  a  balance  indicator. 
A  ground  connection  was  put  on  a  third  arm  of  the  bridge,  and 
this  was  adjusted  so  as  to  bring  the  detecting  arm  of  the  bridge 

*See  lefeienoe  i« 
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at  ground  potential.  The  measurements  were  made  at  about 
looo  cycles  with  a  few  tenths  of  a  volt  impressed  on  the  bridge. 
Under  these  conditions  the  bridge  was  sensitive  to  one-tenth 
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Fig.  4. — Amplificaiion  constantt  voltage  amplification  and  internal  plate  dfcuit  resistance 

Toiih  varying  resistance  load.    VT-J  tube 

micromicrofarad.  One  arm  of  the  bridge  contained  a  variable 
air  condenser  of  250  micromicrofarads  capacity,  across  which  the 
capacities  to  be  measured  were  connected  and  determined  by  the 
necessary  change  in  the  variable  to  maintain  the  bridge  balance. 


k« 


4 
J 


i 


SmLUxksL 

IS^eJMbmLjL^i.' 


. 


tmtal* 


tMIOi* 


Fig.  5.— 


XeMJMnee    Lo^  in,  FUu  Circuit,  Okme, 

Amplification  constant,  voltage  amplificaiion  and  internal  plate  circuit  resist- 
ance with  varying  resistance  load,     VT-j  tube 


The  filament,  plate,  and  grid  batteries  were  coimected  directly 
to  the  negative  filament  terminal,  and  this  point  was  likewise 
connected  to  the  grotmd  potential  part  of  the  bridge.    Those 


JfObr] 
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portions  of  the  connecting  leads  to  the  .tube  electrodes  which 
followed  the  potentials  of  the  electrodes  themselves  were  con- 
sidered as  part  of  the  electrodes  and  included  in  the  capacity 
measurements.  The  tube  socket  was  a  Signal  Corps  receiving- 
tube  socket  and  its  capacities  were  also  included. 

The  capacities  Q,  C,,  and  C,  were  separately  determined  in 
the  following  manner: 

(a)  Connect  G  and  P  together  and  measure  capacity  to  F. 
This  short-circuits  C,  and  gives  Ci  +  Cg. 

(6)  Connect  G  and  F  and  measure  to  P.    This  gives  C,  +  C,. 

(c)  Connect  F  and  P  (i.  e.  /?p«0)  and  measure  to  G.  This 
gives  Ct  +  C,.  ^ 

From  these  observations,  then 

2C,-(a)  +  (c)-(b) 

2C,-(b)  +  (c)-(a) 

2C,-(a)  +  (b)-(c) 

The  values  of  the  capacities  in  micromicrofarads  as  measured 
for  the  two  tubes  mentioned  previously  were  found  to  be  as  shown 
in  Table  2. 

TABLE  2 


rm 

C?i+<3b 

CVl-Cb 

Ci+Oi 

Ci 

c. 

<h 

VT-l 

28.2 
84.1 

26.6 
18.8 

27.9 
18.9 

14.7  • 
12.1 

13.lt 
6.8 

13.4f 

VT-S 

12.0 

These  capacity  values  are  considerably  increased  because  of 
the  tube  socket  and  leads  used  in  the  experiments* 

3.  DETERMINATION  OF  Cg 

The  apparent  input  capacity  c,  for  different  resistance  loads  was 
determined  in  the  same  way  as  Q+C,  in  (2)  above,  excepting 
that  the  resistance  Rp  was  inserted  in  the  plate  circuit  of  the  tube. 


4.  COMPARISON  OF  OBSERVED  AND  COMPUTED  RESULTS 

In  Tables  3  and  4  the  various  resistance  loads  which  were  in- 
serted in  the  plate  circuit  are  given  in  the  first  column  and  in  the 
other  columns  the  calculated  and  experimentally  observed  values 
of  the  input  capacity  Cg  are  given  in  micromicrofarads. 
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TABLE  3.— VT-1  Tube 


Rpf  ohms 

Input  capactty 

Cduiputod 

Otaenred 

0 
8000 

16000 

49400 

97000 

139  000 

Z7.9 
49.0 
61.5 
76.1 
84.3 
87.6 

51.4 
64.5 
78.9 
84.2 
86.1 

TABLE  4.— VT-3  Tube 


RpttbatM 

IXKpOt  Ctfttitf 

Computsd 

ObMTVtd 

0 
8300 

18  500 
49800 
98  500 

140500 

18.9 
32.4 
40.1 
46.9 
51.2 
53.1 

81.8 
38.1 
45.1 
47.5 
49.0 

To  show  the  importance  of  the  capacity  C,  in  determining  Cg  a 

separate  series  of  measurements  were  carried  out  in  which  the 

capacity  C,  was  increased  by  connecting  a  small  condenser  between 

the  grid  and  plate.     A  dififerent  tube  of  the  VT-i  type  was  used 

in  these  measurements  and  the  resistance  Rp  was  30  000  ohms 

k  R 
throughout,  leading  to  a  value  of  p   .  ^    of  3.29.    Measurements 

Kp  +  7'p 

of  the  apparent  input  capacity  were  made  with  C,  increased  by 
zerO;  17.5,  and  34.3  micromicrofarads.  The  values  of  C,  were, 
then,  1 1. 8,  29.3,  and  46.1  micromicrofarads,  the  value  of  C^  was 

12.2  micromicrofarads,  the  values  of  C+C,  were  24.0,  41.5,  and 

58.3  micromicrofarads.    The  values  of  Cg  as  calculated  from  the 

kRp 


formula  c^—Ci+C^+Ca 


rn  +  /?, 


for  the  three  cases  were  62.8, 


137.9,  and  210.0  micromicrofarads.  The  experimentally  observed 
values  were  64.3,  138.6,  and  205.4  micromicrofarads,  showing  an 
agreement  of  about  2  per  cent. 

It  was  found  to  be  impossible  to  check  the  values  of  rg  experir 
mentally  at  the  frequencies  used  in  the  bridge  measurements  be- 
cause of  dielectric  absorption  in  the  tube  capacities.  At  these  low 
frequencies  the  dielectric  losses  introduce  effective  resistances 
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which  are  many  times  greater  than  those  given  by  the  expression 
for  Tg,  which  does  not  take  dielectric  losses  into  account.  The 
measur^nents  can  no  doubt  be  made  at  radio  frequencies,  but  are 
rendered  somewhat  difficult  because  of  the  limited  input  voltage 
which  can  be  applied  to  the  tube  if  the  grid  is  to  remain  at  all 
times  n^ative  with  respect  to  the  filament.  The  dielectric  losses 
in  the  tube  capacities  are  doubtless  important  in  the  use  of  tubes 
at  long  waves,  and  shotild  be  taken  into  account  in  the  design  of 
tube  bases  and  sockets. 

V.  INPXTT  IMPEDANCE  FOR  THE  CASE  OF  AN  INDnCTIVB 

LOAD  IN  THE  PLATE  CIRCinT 

In  case  the  load  in  the  plate  circuit  is  an  inductance  Lp  and  re- 
sistance Rp  and  -die  input  impedance  of  the  tube  is  represented  by 
a  series  resistance  tg  and  capacity  Cg,  we  obtain  from  equations 
(11),  (13),  and  (14)  the  following: 


where 

o-/?p(C,+C,)  + 


'''    uiad-bc)  ^"'' 


fp 


6  -  «Lp(C,  +  C.)  -  ^  -  -  (23) 


idTp      W 


c-^  (AC,+Q+C,)  +C,+C,-«»Lp(C,C,+C,C,+C^,) 


rp 


"^"  (*C, +C, +Q  +uR,{QC,+C^C,+C^;i 


fp 


As  already  ppinted  out  above  in  expresskm  (15),  the  numerator  of 
r„  and  hence  r,  itself,  will  be  zero  or  negative  when 

^-^  (ifcC. +C,  +AQ  +^'  {hC,+C,+kC;i  +i?pC,      (24) 

Tp  Tp  rp 

The  equality  sign  determines  the  values  of  Lp,  for  which  the  input 
resistance  is  zero.  If  R^  is  large,  the  solutions  for  Lp  at  a  given 
frequency  may  be  imaginary^  in  which  case  no  inductive  load  can 
make  the  input  resistance  negative. 

Curves  showing  the  variation  in  the  input  resistance  and  input 
capacity  with  the  inductance  in  the. plate  circuit  are  given  in 
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Figs.  6  and  7  for  various  values  of  Rp.  These  were  computed, 
using  formulas  (21),  (22),  and  (23)  for  a  frequency  given  by 
«-«2Xio*,  and  assuming  the  constants  k^6,  Ci-C,— Cj  =  io"" 
and  rp « 2  X 10*,  which  are  approximately  those  of  a  VT— i  tube. 
If  we  assume  that  the  resistance  in  the  plate  circuit  is  so  low 
conqiared  to  the  reactance  of  Lp  that  the  terms  containing  Rp 
are  negligible,  the  inequality  of  (24)  reduces  to 


«»L, 


(-• 


+c,+^) 


<I 


(25) 


Or*Htt  Mi^M^jnfrtM. 


Fio.  6. — Negaivue  input  resistance  caused  by  inductive  load  in  plate  circuit 

*  This  shows  that  the  combination  of  inductive  load  plus  the  tube 
capacities  must  still  be  an  inductive  reactance  ui  order  to  have 
regeneration,  and  determines  the  highest  frequency  with  a  given 
inductance  Lp  or  the  highest  value  of  Lp  at  a  given  frequency  at 
which  regeneration  can  occur.  At  low  values  of  Lp,  or  at  low 
frequencies  where  w^LpCQ,  C,,  or  Cj)  is  small  compared  to  imity, 
and  asstuning  Rp  is  small  compared  to  rp  or  coLp,  tke  only  term 

in  the  numerator  of  r,  which  is  of  importance  is (kC^.  From 

(21)  and  (23)  it  is  seen  that  the  dencmiinator  of  r,  reduced  to 
(Cj  +  Ca)*,    Hence  the  value  of  the  input  resistance  is  giv^i  by 


r«— — 


rp  (c,+c;)* 


(36) 


ifaBcf] 
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From  (22)  and  (23)  it  can  be  seen  that  tinder  the  above  assump- 
tions the  input  capacity  is  given  by 


Cg==Ci+C, 


(27) 


Under  these  conditions,  therefore,  the  input  impedance  of  a  tube 
consists  of  a  negative  resistance  proportional  to  the  inductance 
in  the  plate  circuit  in  series  with  a  constant  capacity.  This 
corresponds  to  the  portion  of  the  curves  of  Pigs.  6  and  7  for 
i?p  »  O  and  low  Lp. 
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Pig.  7. — Variation  in  input  capacity  with  inductive  load 

• 

The  magnitude  of  the  regenerative  eflfect  produced  by  the 
negative  input  resistance  will  depend  upon  the  constants  of  the 
external  input  circuit.  The  eflfect  will  be  to  reduce  or  neutralize 
the  positive  resistance  of  the  external  circuit.  In  general  an 
oscillatory  circuit  is  connected  to  the  input  of  the  tube  and  the 
apparent  resistance  of  this  circuit  is  reduced  as  a  result  of  the 
regenerative  action.  When  r,  and  Cg  are  such  as  completely  to 
neutralize  the  resistance  of  that  circuit,  oscillations  will  take 
place. 

In  the  case  of  an  amplifier  this  input  circuit  may  be  a  trans- 
former. The  complete  input  circuit  will  be  as  shown  in  Pig.  8, 
where  L  and  C  represent  the  coil  and  condenser  of  the  oscillatory 
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circuit,  of  which  the  resistance  is  R.  The  input  characteristics 
of  the  tube  are  represented  by  r,  and  c^.  The  reduction  in  the 
resistance  of  the  oscillatory  circuit  which  results  when  r,  is  nega- 

tive,t:an  be  calculated  as  fol- 


h 


lows.  Since  the  reactance  of 
Cg  is  ordinarily  very  large 
compared  to  the  ntimerical 
value  of  rg,  the  current  /  in 
the  oscillatory  circuit  will  di- 
vide between  C  and  the  par- 
allel branch  containing  Cg  in 

Flo.  8.— Externa/  grid  circuit  and  input  imped-    proportion  tO   the  capacities 

anceofiube  Candc,.    Hence  the  current 

/f  flowing  into  the  grid  of  tfaie  tube  and  through  the  resistance  r^ 
is  given  by 

The  power  dissipated  in  r^  will  be  P^^I^^  -/*  f  ^  *    j  r^       (29) 

This  will  be  negative  when  r^  is  negative,  thus  representing  a 
generation  of  power.    The  power  dissipated  in  the  resistance  R  is 

Pr-P1?  (30) 

and  the  total  power 

Thus  when  r,  is  negative  the  reduction  in  the  circuit  resistance 
will  be  given  by 


LR 


In  Fig.  9  are  plotted  ciuves  of  received  signal  against  the 
inductance  in  the  plate  circuit,  assuming  the  same  tube  constants 
and  frequency  as  in  Figs.  6  and  7,  that  the  resistance  in  the  plate 
circuit  is  negligible  (i?p»=o)  and  that  the  capacity  C  of  Fig.  8  is 
0.0015  microfarad.  Three  ciuves  are  shown  corresponding  to 
circuits  of  7,  9,  and  10  ohms  resistance.  The  received  signal  is 
taken  to  be  proportional  to  the  reciprocal  of  the  circuit  resistance 
as  reduced  by  the  regenerative  effect.  The  ciursres  for  the  7  ohm 
circuit  run  to  infinity,  indicating  complete  neutralization  of  the 
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circuit  resistance  and  hence  oscillations.    The  ciurvres  for  the  9 
and  ID  ohm  circuits  are  quite  similar  to  that  given  by  Armstrong.* 
For  low  values  of  L^  we  fibad  by  substituting  the  values  of  r,  and 
c^  from  (26)  and  (27)  in  (32) 


AR 


rp(C+Ci+C,)» 


(33) 


The  regenerative  effects  are  increased  by  increasing  Lp,  decreasing 
C,  or  by  connecting  a  condenser  between  grid  and  plate  so  as  to 
increase  C,  when  C,  is  small  compared  to  C. 
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Fio.  9. — Kortoliofi  cf  feceivtd  iiffwU  vdth  inducthg  load  in  tht  plaU  circuU 

VL  EXPERIMENTAL  DETERMINATIONS  WITH  AN  INDUC 

TIVE  LOAD 

Expression  (33)  was  checked  by  measuring  at  radio  frequencies 
the  reduction  in  resistance  of  an  oscillatory  circuit  connected  to 
the  input  terminals  of  the  tube  when  different  inductances  of 
known  value  were  inserted  in  the  plate  circuit. 

1.  DSTBRMINATIOir  OF  THE  TUBE  CONSTAIVTS 

A  type  J  or  VT-i  tube  was  used  with  40  volts  on  the  plate, 
—  1.5  on  the  grid,  and  a  filament  current  of  i.i  amperes.    The 


•  Annstroof ,  loc.  dt. 
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tube  constants  were  measured,  as  outlined  in  Section  IV  above, 
and  were  found  to  be  as  follows  for  the  tube  used:  ^  =  7.2, 
^p ^ 29  300,  C,  =  12.2,  and  Cx'\-C2  =  25.7  micromicrofarads. 

2.  MBASURBMBNT  OF  THB  OSCILLATORT  CIRCIJIT  RSSISTANCB 

The  oscillatory  circuit  was  coupled  to  a  driving  circuit,  and  its 
resistance  was  measured  at  900  m.  wave  length  by  the  resistance 
variation  method.  The  capacity  C  was  1675  micromicrofarads. 
The  current  indications  were  obtained  with  a  vacuum  thermocouple 
of  4.8  ohms  resistance  and  a  sensitive  wall  galvanometer.  With 
this  value  of  the  capacity  and  frequency  sufficient  measuring  cur- 
rent was  obtained  without  impressing  more  than  one  volt  across 
the  condenser  or  on  the  input  of  the  tube.  Measurements  made 
with  the  tube  disconnected  from  the  condenser  C,  and  then  con- 
nected, but  with  no  inserted  inductance  in  the  plate  circuit, 
showed  that  the  dielectic  losses  in  the  tube  capacities  were  not 
appreciable  at  this  frequency.  The  resistance  of  the  oscillatory 
circuit  was  then  determined  with  254  and  680  microhenries 
inductance  in  the  plate  circuit. 

^   3.  COMPARISON  OF  OBSERVED  KSD  COXPUTSD  RESULTS 

The  theoiretical  reduction  in  the  circuit  resistance  was  com- 

kC 
puted  from  formula  (33) ;  the  value  of  the  factor  — irj.r^j.r\% 

as  calculated  from  the  tube  constants  and  capacity  C  being 
1.037  X 10*.  The  results  are  compared  in  Table  5.  In  the  first 
cohunn  are  given  the  values  of  the  inductive  load  in  microhenries, 
in  the  second  column  the  corresponding  observed  circuit  resist- 
ances, in  the  third  column  the  observed  reduction  in  the  circuit 
resistance,  and  in  the  fourth  column  the  reduction  in  circuit  re- 
sistance as  computed  by  formula  (33) . 

TABLE  5 


anc6t  ml- 
cvdImiuIm 

ClrcnB 

XQSiltaSlM* 

ObMrv«d 

CflinputeQ 

0 
254 
680 

6.58 
6.32 
5.88 

a26 
.70 

0.26 

.70 
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Vn.  INPUT  IMPEDANCE  FOR  THE  CASE  OF  A  CAPACITY 

LOAD  IN  THE  PLATE  CIRCniT 

The  equations  of  the  input  impedance  for  a  capacity  load  can 
likewise  be  derived  readily  from  equations  (11),  (13),  and  (14). 
In  this  case  the  input  resistance  will  always  be  positive,  so  that 
the  input  absorbs  power.  Thus  the  presence  of  phones  in  the  plate 
circuit  of  a  tube  may  cause  a  dissipation  of  power  in  the  input, 
because  of  the  phones  having  a  capacity  reactance  at  high  fre- 
quencies. 

Vm.  SUMMART  OF  RESULTS 

1.  Because  of  the  capacities  between  the  elements  of  a  three- 
electrode  vacuum  tube,  the  input  impedance  of  the  tube  depends 
upon  the  nature  of  the  load  in  the  plate  circuit  of  the  tube. 

2.  Even  when  the  grid  of  the  tube  is  negative  with  respect  to  the 
filament,  the  input  impedance  can  be  such  as  to  absorb  consider- 
able power  from  the  input  circuit.  This  occurs  when  the  load  in 
the  plate  circuit  is  a  resistance  or  capacity  reactance. 

3.  When  the  load  in  the  plate  circuit  is  inductive,  the  input 
impedance  can  be  characterized  by  a  negative  resistance,  in 
which  case  regeneration  or  oscillations  can  occur  as  a  jesult  of 
coupling  through  the  tube  itself. 

In  conclusion  the  author  desires  to  express  his  indebtedness  to 
the  Signal  Corps,  who  requested  and  supported  this  investiga- 
tion, and  to  Miss  Dora  E.  Wells,  of  the  Bureau  of  Standards,  who 
performed  most  of  the  experimental  work.  The  above  results 
were  communicated  to  the  Signal  Corps  in  reports  dated  April  8 
and  April  30,  191 9,  and  are  published  with  their  approval. 

Washington,  June  11,  191 9. 
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I.  INTRODUCnOW 

The  material  here  presented  is  selected  from  the  mass  of  data 
accumulated  during  thermal  expansivity  tests,  and  is  of  impor* 
tance  where  insulating  materials  are  subjected  to  temperature 
variations.  The  range  of  expansion  coefficients  is  rather  large, 
extending  from  a  value  of  1.6x10"*  for  certain  porcelains  to 
109  X  lo"*  for  a  specimen  of  celluloid. 

In  addition  to  the  wide  range  in  coefficients  it  has  also  been 
found  that  practically  all  of  the  molded  materials,  such  as  bakefite, 
condensite,  hard  rubber,  and  celluloid,  take  up  a  permanent 
length  change  when  carried  through  a  temperature  cycle,  espe- 
daUy  if  temperatures  above  60^  C  are  reached.  This  length 
change,  always  a  shrinkage,  may  work  to  advantage  in  cases 
where  a  slight  shrinkage  tends  to  compress  and  retain  metallic 
electrodes  or  inserts.  On  the  other  hand,  these  changes  become 
very  serious  in  precision  apparatus  depending  upon  accurate 
dimensions. 

The  following  materials  have  been  investigated  and  are  included 
in  this  report:  Porcelain,  bakelite,  condensite,  formica,  celluloid, 
hard  rubber,  marble,  and  limestone. 

3^7 
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W^L  IS 


Some  of  the  results  of  previous  experimental  determinatioiis 
of  the  thermal  expansion  of  porcelain  are  summarized  in  the 
following  table.  The  values  given  for  a  and  b  are  to  be  substi- 
tuted in  the  general  quadratic  equation 

where  Lo  is  the  length  of  the  material  at  o^  C  and  Lt  the  length 
at  t^  C  within  the  proper  temptrature  range. 


TABLE 

1 

Kind  fli  pofcelain 

Oboowf 

TomponftVM 
nuifo 

cm.^ 

a 

b 

■ 

Btyvoi 

Tvtlaao..,a. 

•c 

0-120 
(MOO 
0-83 
2S0^S 

s-scsxir* 

8.425 
2.824 
2.954 

7.43X10^ 

00 

B«lloid 

1.07 

Do 

CluippBk 

6.17 

JBOBDD.a  ••■•••••••••■• ■■• 

HoIbeittAatf  Dair^ 

1.125 

n  Proc.  PhyB.  Soc.  of  Load.,  18,  p.  z8a;  zgoz-zgois. 
ft  Azm.  dcr  Pfays.  iind  Chcm.,  S,  p.  505:  zgoo. 

Tutton  agrees  with  Chappuis  that  the  thermal  expansion  of 
Bayeux  or  Berlin  porcelains  can  not  be  represented  by  a  quadratic 
equation  throughout  a  temperature  range  exceeding  a  very  few 
hundred  degrees. 

Brundige^  is  of  the  opinion  that  expansion  effects  cause  the 
major  part  of  insulator  deterioration.  However,  he  points  out 
that  there  are  other  investigators  who  believe  that  practically 
all  insulator  deterioration  is  attributed  to  porosity. 

m.   PREVIOUS   WORE  ON   MARBLE 

Roiti's  Physics  (vol.  i,  sec.  399,  Hungarian  translatioil,  p.  457)1 
gives  as  the  average  coefficient  of  expansion  for  i  ^  C  between  o^ 
and  100®  C,  the  following  values: 

White  marble a  00000849  (^^catigny) 

Do 0000x072  (Duim  and  Sang) 

Frohlich  ^  found  it  necessary  to  know  the  coefficient  of  expansion 
of  a  large  ring  (standard  of  inductance)  made  from  Carrara  marble 
in  order  to  determine  the  dimensions  at  a  given  temperature. 
From  observations  at  room  temperature  and  at  100°  C  (steam) 

1  Trans.  Amer.  Inst.  Blec.  Bus.,  M,  p.  535;  Z9Z7. 

*  Wiedenuuiii  Annakn  dcr  Physik  und  Chank.  •!,  p.  906;  Z907. 


b£^  Expansion  of  Insulating  Materials  389 

on  a  30  cm  specimen  cut  from  the  same  block  of  marble  used 
for  the  ting,  he  obtained  0.000012  for  the  average  coefficient  of 
expansion  between  15  and  100°  C.  However,  he  does  not  state 
whether  the  specimen  returned  to  its  original  dimensions  after 
cooling. 

Kaye  and  Laby  (Physical  and  Chemical  Constants,  etc.,  191 1) 
of  the  National  Physical  Laboratory  give  1.4X10"*  to  3.5X10'* 
for  the  coefficient  of  expansion  of  marble  at  1 5**  C. 

Grfineisen*  gives  4.3X10"*  as  the  coefficient  between  14  and 
24®,  and  10.5  X  lo"*  between  18  and  100®  C.  After  keeping  a 
specimen  at  a  constant  temperature  of  100^  C,  he  fotmd  the  value 
2.2  X  lo"*  for  the  coefficient  of  expansion  between  14  and  24**  C. 

Hallock  *  determined  the  expansion  of  several  marbles  by  com- 
paring them  with  brass,  and  gives  the  following  values  from 
room  temperature  to  100^  C: 

A  marble  from  RuUand,  Vt o.  00000659 

661 
A  marMe  ftam  AMonolle,  Tenn o.  00000495 

■    :     ,  .  5*5 

A  marble,  *']Ceowa/*  from  Georgia o.  00000348 

309 

A  marbk,  "Creole/'  from  Ocorgui o-  ooooiio 

A  marble*  "Cheiokte,"  from  Georgia a  00000740 

786 

855 

The  duplicate  values  are  from  different  bars  of  the  same  marble. 

He  observed  the  phenomenon  of  permanent  growth  after  heat* 
ing,  especially  with  the  Vermont  and  Tennessee  specimens^ 
"  Being  heated  for  the  first  time  to  100^  C  and  allowed  to  cool, 
they  did  not  contract  to  thejr  origtwl  length,  and  the  next  two 
or  three  heatings  resulted  in  continued  but  ever  diminishing 
increments  of  length  at  ordinary  temperatures;  finally  a  per- 
manent condition  was  reached."  He  also  foimd  that  a  Vermont 
marble  when  kept  at  constant  temperature,  contracted  on  dry- 
ing and  expanded  on  soaking  in  water. 

In  1832,  W.  H.  C.  Bartlett*  made  determinations  on  the  expan- 
sion of  some  stones  at  ordinary  temperatures  (range  about  100^  F). 
He  gives  for  the  coeflficient  of  expansion  of  marble,  0.000005668  — 

— 2 per  degree  Fahrenheit.     He  reached  the  conclusion  that 

176  429  ^         ^ 

the  fractures  of  the  stones  at  Fort  Adams,  Newport  Harbor,  were 

due  to  ordinary  changes  of  temperature. 

*  Recdca  de  OoOitetttv  Phyiiqttes,  p.  xtt;  1913.  •  Amer.  Jour,  of  Science,  itt  tcrlcs.  fl,  p.  136. 

*  U.  a  GcoL  Surrey  BuO.,  No.  77.  p.  109;  1891. 
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T.  M.  Reade*  also  detennmed  the  expansion  of  several  rocks, 
and  gives  as  the  coefficient  of  expansion  of  marbles  the  value 

-X per  degree  Fahrenheit.     (Temperature  range  not  indi- 
cated.) 

N.  B.  Wheeler'  investigated  a  spedmen  of  white  marble  from 
Carrara,  Italy.  He  obtained  the  following  values  for  the  coeffi- 
cients of  expansion  per  degree  centigrade  at  intervals  of  loo^  C: 


Xwnp<IBtUf 

O^dUk&Blm^ 

«,«i«i 

nmiiMiiiv 

ITMUikMllaK 

100' c 

•2.3X10^ 
181 
888 
27ft 

28.8X19^ 

200' C 

92.3 

800' C 

ttr.8 

400*C 

179.8 

Nisi '  used  an  Abbe  and  Pulfrich  interferometer  over  a  range 
extending  from  o^  to  40^  C.  He  found  that  the  thermal  expan- 
sion of  white  Carrara  marble  is  different  in  different  directions, 
and  that  the  rate  of  expansion  increases  with  temperature.  He 
failed  to  obtain  a  marked  permanent  set,  on  aocoimt  of  his  very 
limited  temperature  range.  The  coefficients  of  linear  expansion 
for  differently  oriented  specimens  at  temperatures  between  o^ 
and  40®  C  varied  from  — o.yyxio"*  to  +  ii.24Xio'*. 

Nisi  states  that  marble  is  by  no  means  an  homogeneous  mass, 
and  that  the  anomalous  behavior  of  marble  as  regards  thermal 
expansion  is  closely  connected  with  the  cleavage  planes. 

IV.  APPARATUS  AND  SPECIMENS 

Each  specimen  was  in  the  form  of  a  stra^ht  rod  or  bar  of 
uniform  cross  section.  The  length  was  about  30  cm  and  the 
cross  section  about  i  cm  square.  Both  ends  were  cylindrical  in 
shape. 

Two  kinds  of  apparatus*  were  used  in  making  the  thermal 
expansion  tests — ^an  oil  bath  ^®  and  air  furnaces. 

In  the  furnaces  the  specimen  was  supported  horizontally  and 
a  2-niil   platinum  wire,  which  was  previously  aimealed,  himg 

■ m  ■■    ■     i        ■■   .— ^.  I  .-■■■ ■■■«  til  - 

*  The  Origin  of  Mountain  Ranges;  1886. 

'  Xrana.  Royal  Soc.  of  Canada,  3d  series.  4,  p.  19;  X910-XZ. 

*  Tokyo  Matli.'Fhys.  See.  Proc,  ad  series.  7.  p.  97;  X9xj>z4. 

*  TUs  oonslsU  essentiaUy  of  the  appantw  dcdgMd  aoA  inatalkd  by  A.  W.  Ocmy  and  I^  W.  Sckad. 
formerly  of  thk  Bufcau. 

I*  For  short  dcscriptloB,  see  PreUminary  Determination  of  the  Thcnnal  Svpansion  of  Molybdomm, 
Scientific  Papers.  No.  33a.  p.  31. 
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over  each  end.  Each  wire,  hanging  through  a  hollow  tube  below 
the  end  of  the  specimen  and  extending  downward  through  and 
below  the  furnace,  had  at  its  lower  end  a  vane  (or  weight)  im- 
mersed in  oil  in  order  to  dampen  the  vibrations.  Heating  was 
effected  by  electric  resistance  coils  (outside,  inside,  and  end  coils) . 
With  careftd  manipulation  it  was  possible  to  adjust  the  circuits 
so  that  during  an  observation  the  specimen  was  at  a  tunform 
temperature  within  one-tenth  degree  centigrade,  from  end  to 
jend. 

The  length  changes  were  determined  with  a  comparator  com- 
asting  of  two  microscopes  rigidly  clamped  on  an  invar  bar  at  a 
distance  from  each  other  equal  to  the.l<pigth  of  the  specimen 
(30  cm.).  The  microscopes  were  so  arranged  that  they  could 
first  be  sighted  on  a  standard-length  bar  kept  at  constant  tem* 
perature,  and  then  on  the  vertically  suspended  wires  which  were 
in  contact  with  the  ends  of  the  specimen. 

The  apparatus  shown  in  Pig.  i  was  used  for  part  of  this  re- 
search and  portra3rs  the  essential  method  of  making  observations 
on  materials.  The  furnace  is  shown  with  the  top  Ufted.  The 
traveling  microscopes,  which  are  sighted  (simultaneously)  on  the 
two  vertical  wires  hung  from  the  specimen,  are  displaced  to  the 
right  in  order  to  show  the  construction  of  the  tube  protecting 
the  vertical  or  drop  wires.  The  left  oil  pot  is  removed  to  show 
the  weight  attached  to  the  wire. 

The  temperatures  in  the  oil  bath  and  furnaces  were  determined 
by  means  of  a  copper-constantan  and  a  platinum-platinum 
rhodium  thermocouple,  respectively. 

V.  PORCELAIN 

Data  on  the  thermal  expansion  of  40  samples  of  various  kinds 
of  porcelain  are  presented  in  this  paper. 

The  coefficients  of  expansion  of  these  materials  vary  over  a 
firide  range,  as  may  be  seen  from  the  accompanying  curves  and 
the  following  table.  It  is  remarkable  that  the  various  kinds  of 
porcelain,  when  heated  to  high  temperattu'es  and  then  cooled  to 
room  temperature,  returned  to  their  approximate  mitial  lengths, 
as  is  evident  from  the  last  coltunn  in  the  table;  that  is,  there  is 
no  marked  set  or  permanent  change  in  dimension  due  to  the 
heat  treatment. 

The  expansion  curves  of  porcelain  may  be  divided  into  three 
classes:  Straight-line,  concave,  and  convex  curves.  In  the 
Mraigfat-line  curve,  the  rate  of  expansion  is  constant.     (See  S494 
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in  Table  2.)  The  concave  expansion  curve  shows  that  the  rate 
of  expansion  increases  with  temperature,  but  the  convex  curve 
indicates  that  the  rate  of  expansion  decreases  with  temperature. 
Examples  of  concave  curves  are  shown  by  S472,  S476,  S496,  and 
S500;  and  examples  of  convex  curves  by  S436,  8480,  and  S501. 

TABLE  2 


ards 


S391 
8392 

8393 

S399 

8400 

8401 

8402 

8405 

8416 

8417 

8436s 

8437 

8438 

8442^ 

8443e 

SAAA 

8445 

8472ii 

8476 

8477 

8478 

8479 

8480 

8485 

8486 

8487 

B4oo 

S489 
8490 
8491 
8492 
8493 

8495 
8496 
8497 
8499 
8500 
8581 
8502 


clay 


50 
SO 

50 
50 
SO 
50 
40 
SO 


48 

40 
45 

71.5 

50 

77 

80.1 

85 

80 

80 

75 

7$ 

75 

70 

70 

70 

80 

75 

70 

50 


X10« 


Md- 


15.6 
16 
12.5 
9.5 
13.5 
18.5 
13.5 
23.5 
18.5 
10 
23.5 
19 
15 
10 
13.5 
10 
16 


20 
30 
20 
30 
80 
20 


15 


2.4 
82.5 


5 

13.5 

5 

9.5 
13.5 

8.5 
10 

18.5 
34 


wUt- 
iaf 


1.4 

1.5 

1.45 

1.43 

1.5 

1.5 

1.5 

l.S 

1.5 

1.5 

1.5 

1.& 

1.5 

1.5 

l.S 

1.5 


dii« 
lf0.14« 


20 
30 


30 
20 


18 
16 
15 


•UU- 


40 


84 

44 
40 


cc3 
AlgO^ 


9.1 


9.05 
8.97 


tern- 


lora 
200*  C 


4.4 
4.6 
3.7 
5.8 
5.2 
4.8 
4.3 
2.9 
5.2 
5.3 
19.4 
19.6 
10.4 
7.3 
8.9 
10.8 
3.4 
1.6 
5.7 
5.8 
10.4 
10.9 
8.9 
2.9 
6.2 
3.4 
3.1 
3.2 
2.9 
3.3 
3.5 
3.2 
4.1 
3.7 
3.3 
3.4 
4.7 
3.7 
6.1 
4.7 


380  to 
400"  C 


5.4 
5.4 
5.0 
4.7 
5.6 
5.9 
6.1 
8.7 
4.4 
4.4 
9.4 
11.1 
5.4 
6.1 
4.4 
5.5 
4.2 
3.0 
6.7 
6.8 
5.6 
6.6 
5.0 
4.0 
4.6 
3.9 
3.8 
3.S 
4.0 
3.2 
4.5 
8.7 
4.1 


4.0 
3.6 
4.6 
4.3 
5.1 
4.6 


400  !• 
540*  C 


■•• 


6.8 
8.8 


> • ••• ••• 


5.5 

8.1 
4.5 

4.7 
4.1 
4.4 
4.8 
3.6 
8.4 
8.8 
4.4 
7.8 
5.1 


400to 
600*  C 
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6.0 
5.4 
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-f-  .04 
+  .01 
~  .01 
.00 
+  .01 

-  .02 
+  .03 

-  .01 
.00 
.00 
.00 
.00 

-  .01 
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'  .02 
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-  .01 

-  .01 
+  .01 

-  .01 

-  .81 

-  .89 
.00 
.00 
.80 

-<  .81 

-  .02 
.00 


«CaldBcVo.8A-30 
h  Caldnc  No.  x3-"ao  i 


It 

cent. 


'..    (S«eTabltt|J       c  Caldne  N<».  u^  JO  per  cent.        'SerTab^j. 
.    (SeeTritlej.)        <  Beryl- js percent. 
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The  constituents  of  the  calcines  are  given  in  the  accompanying 

table. 
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TEMPERATUf«e  IN  DEGREES  CENTIQRADE. 
F|o.  S.-^Expansion  of  porcelain  (S  501) 

Attention  is  directed  to  the  curve  applying  to  S436,  which  shows 
the  convexity  found  in  a  number  of  cases.  This  characteristic  is 
the  opposite  to  that  exhibited  by  most  materials  (including  poroe- 
lain  in  general) ,  especially  metals  which  are  used  as  electrodes  or 
clamps.  The  expansion  curves  of  metals  are  usually  con* 
cave,  and  give  p9sitive  values  for  the  b  in  the  expansion  formula: 

Lt-Lp  (i+a^  +  6?) 
where  Lt  is  the  length  at  any  temperature  t  and  Lo  the  length 
at  o^  C,  whereas  in  the  case  of  porcelain  S436  this  coefficient  h  is 
jdeddfedly  negative,  causing  the  value  of  the  rate  of  expansion  to 
decrease  with  temperature.  In  the  former  case,  however,  the 
instantaneous  coefficient  or  rate  of  exi>aasion  increases  with 
temperature. 
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The  fact  that  the  average  ooefiSdent  of  S436  between  room 
temperature  aad  550^  C  is  about  the  same  as  that  of  certain 
steels  does  not  mean  that  these  steels, may  be  used  as  perfect 
matches  for  expansion  (in  spark  plugs,  for  example) .  The  rate  of 
expansion  of  this  porcelain  decreases  rapidly  with  temperattne 
(see  curve  S436  and  Table  2) ,  while  the  rate  of  expansion  of  steel 
increases.  Serious  cracking  of  the  porcelain  may  occur  when  the 
differential  expansion  approaches  a  maximum. 

Porcelains  having  low  coefficients  of  expansion  have  been  found 
to  exhibit  marked  resistance  to  sudden  temperattu-e  changes. 
Plunging  cold  specimens  into  the  blast  flame  did  not  cause  check- 
ing or  cracking.' 

The  large  number  of  varying  constituents  in  the  porcelains 
makes  it  difficult  to  obtain  an  exact  relationship  between  the 
composition  and  the  coefficients  of  expansion.  ^However,  some 
relations  have  been  deduced. 

The  coefficients  of  porcelains  having  the  same  amounts  of  clay, 
flint,  and  calcines  depend  on  the  kind  of  calcines  contained. 
Porcelains  containing  calcines  No.  8A,  No.  14,  and  No.  13  have 
relatively  large,  intermediate,  and  small  coefficients  of  expansion, 
respectively.  For  example,  the  following  comparison  shows  the 
variations  'in  the  coefficients  of  S436,  S438,  and  S443,  which 
contain  50  per  cent  clay^^  20  per  cent  flint,  and  30  per  cent  calcine. 
(The  kind  of  cajdne  is  different  in  each  case.) 


OtarMQ 

SfdS 
94. 

KIbS  wCIQOllM 

pentnreto 
200*0 

200to400*C 

4O0to54O*C 

8496 

N0.8A 

19.4X10-* 
10.4 
8.9 

9.4X10-« 

5.4 

4.4 

5.5X10^ 

8438 

H«.14 

4.5 

8443 

Ha.  18 

4.1 

All  porcelains  containing  50  per  cent  clay,  20  or  30  per  cent 
flint,  and  the  remainder  calcine  (No.  8 A,  13,  or  14)  have  convex 
expansion  curves.     (See  S436,  S437,  S438,  S442,  S443,  and  S444.) 

The  porcelain  (S472)  containing  35  per  cent  beryl,  in  addition 
to  50  per  cent  clay  and  1 5  per  cent  flint,  gave  the  lowest  coeffident 
of  expansion.  Beryl  is  probably  the  constituent  causing  the 
small  thermal  expansion. 

In  a  porcelain  containing  40  per  cent  clay,  an  increase  of  4  per 
cent  in  sillimanite  and  a  corresponding  decrease  in  calcine  No.  14, 
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caused  a  marked  increase  in  the  coeffidents,  as  shown  by  the 
following  values: 


CaldiM 

No.  14,  per 

A^-^-dM.... 

RMmtam- 

ytnlaro  to 

200*  C 

aooto40o*c 

BaXWIll  m  DCUKUnU  aO» 

pttc  cent 

400to540*C 

844S 

40 
44 

ao 

16 

S.4X10-* 
10.9 

4.2X10^ 

0.0 

4.8  XUh* 

8479 

7.3 

In  a  porcelain  containing  40  per  cent  sillimanite,  an  increase  of 
5  per  cent  in  clay  and  a  corresponding  decrease  in  calcine  No.  14, 
caused  an  increase  in  the  coefficients,  as  shown  by  the  following 
values: 


Bm 

MittolStaiidtttdsH*. 

°sr 

CaidM 

lla.l4,9« 

Mat 

A,»«.  ..dM.... 

Mntan  to 
^00*  c 

200to400*C 

400to54O*C 

8445 

40 
45 

20 

15 

3.4X10-* 
8.9 

4.2XlO-« 
5.0 

.4.8X10-* 

8480 

5.1 

Three  specimens,  S485,  S487,  and  S488,  containing  from  71.5 
to  80. 1  per  cent  clay  and  about  9  per  cent  AlaO,  had  low  coefficients 
of  expansion  (2.9  to  3.4X10— •  between  room  temperature  and 
200**  C,  and  3.8  to  4.0X  10— •  between  200  and  400**  C). 

The  porcelains,  S489  to  S501 ,  inclusive,  containing  from  70  to 
85  per  cent  clay,  in  addition  to  feldspar  (10  to  23.5  per  cent), 
flint  (o  to  18.5  per  cent),  and  Whiting  (1.5  per  cent),  have  low 
coefficients  of  expansion,  which  vary  from  2.9  to  6.1  X 10— •  and 
from  3.2  to  5.1  X 10— •  for  the  ranges  extending  from  room  tem- 
perature to  200®  C  and  from  200*^  to  400^  C,  respectively. 

Most  of  the  porcelains  described  above  are  products  of  this 
Bureau's  Pittsburgh  laboratory,  from  which  additional  informa- 
tion" relating  to  composition,  baking,  etc.,  may  be  secured. 

u  Bldninser  and  Riddle,  J.  Am.  Oerasn.  Soc.,  2,  564;  19x9. 
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VL  PHENOL  CONDENSATION  PRODUCTS,  ETC. 

An  extended  study  was  made  of  these  materials  with  a  view  to 
determining  their  applicability  for  use  in  instruments  of  high  pre- 
cision which  may  be  subjected  to  temperature  variations. 

The  accompanying  representative  figures  are  self-explanatory, 
and  in  general  show  the  tendency  of  contraction  at  constant  tem- 
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TEMPERATURE  IN  DEGREES  CENTIGRADE 
Fio.  9. — Expansion  of  baksUte-4ilecto  {black)  S  446 

perature  (above  60*^  C).  In  most  cases,  after  cooling  to  room 
temperature,  these  materials  show  a  marked  diminution  in  length. 
The  numbers  near  the  circles  represent  the  order  of  the  observa- 
tions. The  time  elapsing  between  consecutive  observations  is 
indicated.  When  the  time  is  less  than  one  hour  (except  at  critical 
temperatures)  it  is  not  indicated. 
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The  coefficients  of  expansion  obtained  on  various  samples  of 
these  materials  are  stunmarized  in  the  following  table: 


TABIB  4 


olStond- 


8446 
8447 
8448 

tSAAtk 


8440 
8441 
8451 
8450 


8424 
8432 
8438 

8434 
843S 


850$ 
8481 


Bidc«llto-dltoGf*  (Pimck) 

....dt 

Bak«llto-dllMto(iialttiia  XZ  grade). 
....do 


) 


Bakcl]l8Mkute(3ZZ|nidft) 

BidMllliMiciuta(323fnid*) 

....d» 

(HA.  100): 


(Ra.  128): 


(1I«.S0S3H). 
fMiiilca(cnd«M)».... 

....d© 

do , 

....do 

Bard  rabbor  (rod) , 

CoIluloid(xod) 


Sample 
In- 


Air  furnace. 
OUbath.... 
Air  tamace. 
OUbatb.... 
AJr  fainace. 

do 

do 

do 

Oflbath.... 


Air  Inmaoe. 
do 


.do. 


do 

do 

on  batb... 
Air  ftuoaoe. 
Oflbatb.... 
AJr  fonuice. 

....do 

....do. 

...-do 


Average  coeffldenta  X  xc^ 


22  bet. 
36  bet. 
26boL 
28beL 
21  bet. 
33  bet. 

29  bet. 

31  bet 

44  bet. 
40  bet 

20  bet 
17 
27 
33  bet 

30  bet 
20  bet 
14  bet 
80  bet 
109  bet 
74  bet. 


20  and  60*  C 
30  and  100' C 
25  and  60*  C 
30  and  100*  C 
25  and  50*  C 
25and50*C 
25  and  50*  C 

(•) 
25and60*C 

16and79*C 
20and60*C 

18  and  56*  C 
20  and  100* 
20  and  80*  C 
20  and  60*  C 
20  and  60*  C 
20  and  60*  C 
20  and  60*  C 
20  and  60*  C 
.  20  and  70*  C 
20  and  40*  C 


•Bxpanakm^rery  irreftdar. 

^Noa.  S43S  and  8433  were  cot  p^pcwdinilw  to  Noa.  8^4  and  8433* 


Most  of  these  materials  when  kept  at  some  constant  temperature 
above  60^  C  shrink  in  length  and  lose  weight  (give  off  vapot^). 
When  the  temperature  of  the  material  increases  it  expands,  but 
when  kept  at  a  constant  temperature  above  60^  C  it  contracts. 

The  following  table  gives  the  maximum'  temperatures  to  which 
the  specimens  were  heated  and  the  changes  in  weight  and  in  length 
after  the  test.  The  plus  (+)  sign  indicates  a  gain  in  weight  or 
length  and  the  minus  ( — )  sign  a  diminution  in  weight  or  length 
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TABIB  5 


olSCaad- 

darda 

No. 


S446 
S447 
S44S 
8449 
8439 
8440 
8441 
8451 
8450 
8422 


8423 


8424 
8432 
8433 
8434 
8435 
8506 
8505 


Matafkl 


Bikellte-dilMlo  (biMk) 

.....do 

Bakellto-dllocio  (nalual  ZX  giade) 

.....do 

BakeUte-dflado  (ZX  gnid0)a 

Bakdlte  Mlcaxte  (3ZZ  gfado) 

BakelitoMicarta(323gfada)a 

Conrtnwtal  bokellto  CbakeUwd  canvas) . 

....do 

CondonaHo  (No.  100): 

nnttoal 

ffffftnd  taal* 

Candonalta(No.l28); 

Fiiattoale 

8ooendtoat 

CondonaHo  (NO.S053H) 

FOnnIca  (frado  M) 

....do 

....do 

....do 

Hard  robbor 

CoUuIoid  (2  hoatlnfa) 


Air  fnrnaoo 
on  birth... 
AJr  tamaeo, 
OflboUi... 
Air  fonaoo 

....do 

....do 

....do 

OilbaCh... 


Air  fncnaoa 
do 


.....do 

.....do 

....do 

Oil 

Air 

on 

Air  ^piMff 

....do 

do 


C 
172 

147 

191 

175 

2SS 

195 
246 

170 
160 

79 


94 

304 

124 

60 

79 

61 

66 

100 

103 


-  6.3 
1 

-  2.8 

3 

4 
7 
6 
0 
1 


-20 

-  2 

-27 

-  2 

+ 


-  4 

-  2 

+ 


-  1 


inloiiiidi 


-0 


-4 


-1 


•After  test,  apedmen  was  found 
^  At  tSS*.  specimen  was  contracting 
«  After  test  z.  specimen  kept  in 
lengtli  of  — 0.6  per  cent  and  — o.: 


warped,  cracked  on  sides,  and  blistered  on  upper  and  lower  mifaoea. 
so  rapidly  that  one  end  left  support  of  tho  apparatus, 
at  too*  C  for  aevcral  doya.    It  slioivod  a  dumfe  in  wciffat 


in 


Prom  a  study  of  the  work  on  these  materials  it  is  evident  that 
the  length  is  a  fmiction  of  the  temperature,  medium  in  which  the 
material  is  heated  (air  or  oil) ,  time,  rapidity  of  heating  or  cooling, 
etc 

Prom  these  experiments  the  conclusion  may  be  drawn  that 
delicate  apparatus  made  from  these  materials  or  containing  these 
materials  as  essential  parts  should  not  be  heated  above  60^  C 
(140^  F),  if  loss  in  weight  and  shrinkage  or  warpage  are  to  be 
avoided. 

The  Btueau  takes  this  opportunity  of  thanking  the  manu- 
facturers of  the  above  products  for  their  cooperation  in  this  re- 
search. Practically  all  of  the  above  samples  were  given  the 
Bureau  by  the  respective  manuf  actiu:ers. 
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Vn.  MARBLE  AND  LIlfBSTOIVE 

This  lesearch"  includes  10  grades  of  marble^'  selected  from 
the  quarries  of  Vermont,  Tennessee,  and  GecHrgia,  and  one  specimen 
of  Indiana  limestone.  After  heating,  it  was  fomid  that  each 
showed  an  increase  in  length.  This  growth  is  roughly  propor- 
tional to  the  maximtun  temperature,  as  is  shown  by  3^09  (Floren- 
tine blue) ,  which  was  heated  to  100^  C,  cocded  to  room  tempera- 
ture, then  heated  to  1 50^,  and  cooled  to  room  temperature,  and  so 
on.  Each  cycle  of  increased  temperature  caused  an  additional 
increase  in  length.  The  dotted  line  represents  how  the  material 
would  have  behaved  if  it  had  been  heated  directly  to  300**  C. 
(See  S207.)  Then  after  being  cooled,  it  would  have  returned 
approxixnately  to  point  11,  which  reptesents  a  growth  of  more  than 
0.3  per  cent.  In  other  words,  the  growth  is  approximately  the 
same,  whether  the  specimen  is  heated  by  cycles  or  heated  directly 
to  the  maximtun  temperattu^. 

S198  (Pittsford  Italian)  and  S285  (Appalachian  gray)  show  the 
changes  in  length  on  two  heatings  and  two  coolings.  It  will  be 
noticed  that  the  growth  after  the  second  heating  is  less  than  that 
after  the  first  heating.  Repeated  heatings  tend  to  bring  the  marble 
to  a  constant  or  permanent  state.  The  Vermont  marble  shows  a 
larger  growth  than  the  Tennessee. 

S296  (Silver  gray)  shows  the  changes  in  length  at  low  tempera- 
tures. On  cooling  below  room  temperature,  it  is  seen  that  the 
specimen  expai^ds,  contrary  to  the  usual  behavior  of  most  mate- 
rials. The  coefficient  of  expansion  of  this  specimen  on  the 'first 
cooling  was  numerically  (but  Of9K>site  in  sign)  about  the  same  as 
that  of  steel  at  room  temperature.  For  the  other  marbles  tested, 
however,  the  coefficients  of  expansion  on  cooling  are  quite  small, 
as  may  be  seen  from  Table  7.  The  peculiar  phenomenoti  ,of 
tntTiimiitn  length  is  common  to  all  the  specimens  tested.  This 
point  of  minimum  length  is  not  constant  for  the  different  kinda  of 
marble,  and  usually  occurs  below  room  temperature,  in  some 
instances  as  low-  as  —  20^  C.  Attention  is  directed  to  the  dight 
permanent  lengthening  of  specimens  when  passed  through  the 
cooling  cycle. 

B  Vkftt  d  thcM  data  on  naiblc  were  taken  under  the  direetkai  <tf  L.  W.  Sdiad.  fonnerly  of  this 
Bnreatt. 

'Selected  by  D.  W.  Kcailer.  of  this  Bureau.  For  additional  physical  and  chemical  propeities  see 
Bufeaa  ol  Standards  Trrhtiologk  Paper  No.  xsj. 
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Tables  6 and  7 givethe coeffidents  of  expanston  of  the  various 
samples.  The  former  table  gives  the  values  on  the  first  heating; 
and  the  latter,  on  cooling  below  room  temperature.  The  coeffi* 
cients  are  higher  on  the  first  heating  than  on  any  subsequent 
heating.  The  sjntnbols  JL  and  ||  are  used  in  the  table  to  indicate 
the  .direction  of  the  grain,  the  former  representing  specimens 
cut  perpendicular  to  the  bed  and  the  latter  parallel  to  the  bed. 
Little,  if  any,  difference  in  expansion  can  be  detected;  e.  g.,  S285 
and  S286  are  from  the  same  block  of  marble,  but  cut  in  opposite 
directions. to  the  grain. 

The  following  table  gives  the  principal  constituents  of  the 
marbles  investigated: 

TABLE  8.— Chemical  AsalysiB 


JTimlMrtt 

CaO 

CO, 

MgO 

AliOi 

r^iOi 

LoMon 
■guDon 

loaohibto 
InHCl 

8196 

54.49 
55.90 
55.40 
55.60 
55.40 
55.60 
55.60 
55.90 
55.00 
55.54 
55.38 
55.80 

43.65 
43.80 
43.46 
43.94 
43.76 
43.58 
43.58 
43.80 
43.18 
43.75 
43.52 
42.65 

1.33 
.27 
.35 
.44 
.35 
.07 
.07 
.27 
.41 
.46 
Trace 
.06 

0.20 
.06 
.06 
.07 
.10 
.26 
.26 
.06 
.09 
.09 
.14 
.45 

ao5 
.02 

.04 
.01 
.01 
.06 
.06 
.02 
.04 
.03 
.06 
.16 

43.81 
43.90 
43.78 
43.86 
43.70 
43.89 
43.89 
43.90 
43.37 
43.81 
43.95 
43.68 

0.44 

8207. r 

.34 

8208  .         

.70 

8209 

.30 

8210  ft 

.24 

8285 

.15 

8286 

.15 

8310 

.34 

8296 

1.10 

8514 

.24 

8283 

.06 

8287 

.54 

a  Trace  of  SiOi  in  all  ■amplra  txaept  S514. 


h  SiO,— o.a6. 


The  difference  in  the  coefficients  of  the  various  marbles  when 
compared  with  each  other  or  the  difference  of  some  marbles  when 
compared  with  certain  metals,  raises  a  question  of  the  advisability 
of  assembling  these  in  structtu-es,  subject  to  large  temperature 
variaticms,  where  close  or  accurate  relative  dimensions  are  to  be 
maintained  unless  proper  compensating  facilities  are  provided. 

Length  measurements  made  two  years  after  these  tests  indicate 
that  the  growth  of  marble  after  heating  is  permanent. 

Vm.  SUMMARY 

The  present  paper  gives  data  on  the  thermal  expansion  of 
some  of  the  more  important  insulating  materials. 

A  short  description  of  the  method  employed  in  making  the 
observations  is  given.  A  photograph  of  one  of  the  furnaces  and 
the  microscopes  is  shown  in  Pig.  i . 
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The  dimensional  changes  incident  to  temperature  variations 
have  been  measured.  In  most  cases  the  expansions  are  too 
irregular  to  justify  the  use  of  the  general  quadratic  equations. 

The  coefficients  of  40  samples  of  various  kinds  of  porcelain  were 
found  to  vary  over  a  wide  range,  from  1.6  to  19.6  millionths  per 
unit  length  per  degree  centigrade.  The  coefficients  of  expansion 
are  given  in  Table  2.  The  expansion  ctnrves  of  most  materials 
are  concave;  but  with  porcelain  three  kinds  of  curves  were  found, 
namely,  straight-line,  concave,  and  convex  cmves.  No  marked 
set  or  permanent  change  in  dimension  due  to  the  heat  treatment 
was  observed.  Porcelains  having  low  coefficients  exhibited 
marked  resistance  to  sudden  temperature  changes. 

To  tmderstand  the  work  done  on  the  phenol  condensation 
products  (bakelite,  condensite,  formica,  etc.),  it  is  necessary  to 
refer  to  the  representative  figures.  (See  p.  399.)  The  most 
striking  peculiarity  is  the  shrinkage  and  the  loss  in  weight  of  most 
of  these  materials  when  subjected  to  temperatures  above  60®  C. 
A  summary  of  the  values  obtained  is  given  in  Tables  4  and  5. 

Marble  and  limestone  showed  a  permanent  growth  when  sub- 
jected to  heat  treatment.  On  cooling  below  room  temperatmie, 
it  was  found  that  marble  has  a  negative  coefficient  of  expansion. 
The  coefficients  of  expansion  are  given  in  Tables  6  and  7. 

A  knowledge  of  the  thermal  behavior  of  these  materials  is 
essential  before  assembling  them  in  certain  types  of  apparatus 
subjected  to  wide  temperattue  variations. 

We  are  indebted  to  John  O.  Bisinger  for  assistance  in  comput- 
ing, etc. 

Washington,  June  30,  1919. 


c> 


DEPARTMENT  OP  COMMERCE  t  irrrT^fJ^^ 


Scientific  Papers 


OP  THB 


Bureau  of  Standards 

S.  W.  STRATTON.  Dirkotor 


No.  353 


VARIATION  IN  DIRECTION  OF  PROPA- 
GATION OP  LONG  ELECTRO- 
MAGNETIC WAVES 


BY 


Lieut-  Commander  A.  HOYT  TAYLOR,  U.  S.  N.  R,  F. 

I/.  5.  Naual  Aircraft  Radio  Laboratory 
Bumau  of  Standards 


ISSUED  NOVEMBER  79,  1919 


y 


PRICE,  5  CBNTS 

Sold  only  by  tlie  Sttperlntendent  cl  Documents,  Govcnunent  Printing  Office 

Woshinston,  D.  C. 


WASHINGTON 
GOVERNMENT  PRINTING  OFFICE 

1919 


VARIATION  IN  DIRECTION  OF   PROPAGATION  OF 
LONG  ELECmOMAGNETIC  WAVES 


B7  Lieut  Commander  A.  Hoyt  Taylor*  U.  S.  N.  R«  F. 


COIVTBITTS 


L  Inttoductioii 419 

II.  Method  of  getting  absolute  minimum  with  direction  finden 430 

III.  Comparison  of  maximum  and  minimum  methods 421 

IV.  Variatiooa  in  observed  direction 434 

V.  Possible  causesof  the  variation  of  apparent  bearing 436 

VI.  Explanation  of  variations 437 

VII.  Conclusions 433 

L  nffTRODUCTION 

The  investigation  herein  reported  was  an  outcome  of  a  study 
of  the  properties  of  an  extremely  long-wave  direction-finder  coil, 
with  a  view  to  determining  the  feasibility  of  using  such  long-wave 
direction  finders  on  large  aircraft  on  long  flights,  such  as,  for 
instance,  a  trans-Atlantic  flight.  The  use  of  direction  finders  for 
aixcraft  having  been  carried  to  such  a  very  satisfactory  conclusion 
at  the  Naval  Air  Station,  Hampton  Roads,  Va.,  on  a  wave  length 
of  2500  m,  it  seemed  highly  desirable  to  ascertain  if  it  might  be 
possible  to  utilize  for  airplane  directioi^-finder  work  existing  high- 
power  stations  in  Europe  in  case  of  extremely  long  flights.  Since 
all  of  the  trans-Atlantic  stations  which  may  be  considered  to  be 
really  high-power  stations  operate  on  continuous  waves  of  lengths 
between  8000  and  20  000  m,  it  was  decided  to  build  a  direction- 
finder coil  at  the  Naval  Aircraft  Radio  Laboratory,  Bureau  of 
Standards,  of  suitable  dimensions  for  installation  in  a  type  F-5-L, 
type  H--16,  or  tjrpe  NC  flying  boat. 

In  the  process  of  this  study,  comparison  was  made  of  the  rela- 
tive acciu-acy  of  settings  obtainable  with  the  two-coil  maximiun 
method  and  the  usual  single-coil  minimum  method.  It '  was 
noticed  that  there  were  very  considerable  variations  in  the  appar- 
ent bearing  of  the  Naval  Radio  Station  at  New  Brunswick,  N.  J., 

419 
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transmitting  on  13  600  m,  and  a  series  of  observations  were 
undertaken  with  a  view  to  determining  whether  these  appaxent 
variations  of  bearing  were  of  local  origin  or  not. 

IL  MBTHOD    OF    GBTTmG   ABSOLUTS    MINIMnH    WITH 

DIRECTION  FINDERS 

When  a  direction-finder  coil  is  placed  with  its  plane  at  right 
angles  to  the  direction  of  propagation  of  electromagnetic  waves, 
the  restdting  signal  is  not  exactly  zero,  owing  to  the  antenna  effect 
in  the  coil  and  to  other  effects  of  less  importance.  This  is  because 
the  antenna  effect  is  approximately  90^  out  of  phase  with  the  true 
direction-finder  effect.  Settings  of  the  coil  are,  therefore,  not  as 
sharp  as  they  would  be  if  an  absolute  minimum  existed.    In 
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necdon  with  the  long-wave  direction-finder  work  undertaken  at 
this  laboratory,  it  has  been  foxmd  possible  to  produce  an  abso- 
lute minimum  by  introducing  a  small  component  of  signal  differ- 
ing 180^  in  phase  from  the  undesirable  effect,  by  the  method 
indicated  below,  to  which  Fig.  i  refers. 

The  apparatus  consists  of  a  long-wave  direction  finder,  dimen- 
sions 35  by  30  inches,  with  three  layers  of  Htzendraht  wire,  each 
layer  containing  40  turns,  spaced  three-sixteenths  inch,  represented 
by  A  in  Fig.  i.  A  standard  receiving  circuit,  without  coupling, 
was  used  with  two  stages  of  amplification  (not  shown  in  Fig.  i). 
A  small  auxiliary  coil  B  was  very  loosely  coupled  at  M  with  the 
main  coil  and  tuned  to  very  nearly  the  same  wave  length.  The 
method  of  operation  is  as  follows :  The  auxiliary  coil  B  is  detuned, 
the  coupling  M  made  approximately  zero,  and  the  coil  A  rotated 


Tvkrl 


Varying  Direction  of  Radio  Waves 


421 


to  a  minimum.  It  is  found  that  upon  New  Brunswick  and 
Aonapolis  on  13  600  and  16  700  m,  respectively,  the  strength  of 
signal  varies  between  600  and  2000,  according  to  the  degree  of 
amplification  used,  and  the  best  minimum  which  is  obtainable 
without  compensation  is,  roughly,  i  per  cent  of  the  maximum. 
When  the  best  minimum  has  been  obtained  with  coil  A,  coil  B 
is  placed  at  approximately  right  angles  to  A,  so  that  it  has  no 
coupling  with  A.  Coil  B  is  then  tuned  to  the  same  wave  and  the 
coupling  at  Af  is  adjusted.  Exact  opposition  in  phase  is  obtained 
by  a  very  slight  detuning  of  the  coil  B.  The  operation  is  very 
simple  and  quickly  made,  a  suitable  adjustment  of  the  coupling 
M  making  it  possible  to  obtain  an  absolute  minimum  with  coil  A . 
This  method  of  obtaining  an  abs9lute  minimum  was  reported 
to  the  direction-finder  experts  of  the  Philadelphia  Navy  Yard  with 
the  suggestion  that  they  try  it  out  on  short-wave  spark  stations. 
Expert  Radio  Aid  Stuart  Ballentine  made  this  matter  the  subject 
of  a  lengthy  report,  in  which  he  concluded  that  while  the  method 
was  accurate  and  capable  of  application  at  all  wave  leng^ths,  it 
was  not  practicable  on  6oo-m  waves  on  accotmt  of  the  precision 
of  adjustment  required.  The  writer  concurs  fully  with  the 
Ballentine  report.  There  are  other  methods  more  suitable  for 
short-wave  work. 


m.  COMPARISON  OF  MAXIMUM  AND  MINIMUM  METHODS 

A  telescope  and  scale  were  arranged  in  connection  with  a 
mirror  on  coil  A ,  the  distance  between  the  mirror  and  scale  being 
such  that  3.5  cm  on  the  scale  equaled  i®.  The  accuracy  with 
which  settings  may  be  duplicated  is  shown  by  the  following  table. 
Readings  were  taken  on  Annapolis  on  a  very  clear  day.  The 
leadings  extended  over  a  period  of  about  one  and  one-haU  hours. 
It  was  found  best  to  choose  the  pitch  of  the  signal  rather  high. 


Readliigaia 

novfaitlttii  frons 

avenge  In 

centtmetezB 

afenigeia 
decreet 

71.0 

-0.1 

-0.03 

71.5 

+  .4 

+  .12 

71.  a 

+  .1 

+  .08 

70.9 

-  .2 

-.06 

71.0 

-  .1 

-.OS 

71.0 

-  .1 

-  .03 

71.2 

+  .1 

+  .03 

Av.n.i 

• 

422  SdetUific  Papers  of  the  Bureau  of  Standards         fVcLis 

The  following  table  is  taken  on  the  compensation  wave  of 
Annapolis: 


FuMillinifa 

• 

DWHaMI  fl'HIl 

•vengein 
^mtbiiBten 

Deftettoatam 

dOfRM 

70.5 
69.5 
69.1 
68.6 
70.3 
69.4 
69.0 
69.7 
69.5 
69.5 

Av.69.5 

+0.1 
.0 

-  .04 

-  .09 
+  .08 

-  .01 

-  .05 
+  .02 

.0 
.0 
• 

+0.29 
.0 

-  .12 

-  .26 
+  .23 

-  .03 

-  .14 
+  .06 

.0 
.0 

It  will  be  noted  that  the  general  average  on  the  compensation 
wave  differs  by  i.6  cm,  or  0.46®,  from  the  general  average  on  the 
main  wave.  This  difference  might  have  been  due  to  a  greater 
accuracy,  which  is  evident  on  the  settings  of  a  higher-pitched 
note,  the  compensation  wave  being  of  lower  pitch.  On  the  other 
hand,  it  was  suspected  that  the  set  was  not  quite  as  accurately 
compensated  for  minimtim  on  the  last  series.  The  set  was  there, 
fore  thrown  completely  out  of  adjustment  and  the  minimum 
balanced  out,  with  special  attention  to  the  compensation  wave  of 
Annapolis  and  the  following  readings,  in  centimeters,  obtained: 
71.0,  71.0,  71.0,  71.0,  and  70.9.  The  error  here  is  too  small  to  be 
calculable  and  the  readings  agree  with  those  obtained  upon  the 
main  wave. 

In  order  to  test  the  relative  accuracy  of  the  tnaYiTniiTn  method 
as  used  in  airplanes  with  the  ordinary  tnitiimntn  method,  the 
following  two  series  of  readings  were  obtained  on  New  Brunswick's 
13  600  m  wave. 

MAXIMUM  METHOD 


ReadiiigsiB 
CHitiiiioton 

ir>. ^  It       » 

MJWmum  mms 
tvengein 

XmivMho  fmn 

dOfRM 

20.5 
17.0 
20.0 
19.8 

A?.  19.3 

+1.2 
-2.3 
+  .07 
+  .05 

+0.84 
-  .66  ' 
+  .20 
+  .14 

TtftHW) 


Varying  Directum  of  Radio  Waves 


423 


18.0 

-a  15 

-a  48 

80.6 

+  .11 

+  .31 

81.0 

+  .15 

+  .48 

19.8 

-.88 

-  .08 

80.5 

+  .10 

+  .29 

Av.  19.5 

It  is  evident  that  the  accuracy  of  the  setting  that  may  be 
obtained  with  the  maximum  method  is  not  much  inferior  to  that 
obtained  with  the  ordinary  minimum  method.  It  is  known, 
however,  that  the  maximum  method  requires  a  far  higher  degree 
of  experience  on  the  part  of  the  operator,  as  is  shown  by  the  fol- 
lowing table  taken  with  the  maximum  method  by  another 
observer  of  less  experience : 


MAZIMTIM  MSTHOD 


BMidlnttin 

nsvutloii  Iksui 
canttmaton 

dagnes 

22.0 

+0.50 

+0.14 

85.0 

+4.5 

+1.29 

80.0 

-1.5 

-  .48 

19.0 

-2.5 

-  .71 

Av.21.5 

• 

MrnnniM  MSTHOD 

21.5 

-0.4 

-0.11 

22.5 

+  .6 

+  .17 

28.0 

+1.1 

+  .81 

20.5 

-1.4 

-  .40 

Av.21.9 

Undoubtedly  when  the  compass  is  swung  the  use  of  the  method 
of  compensation  of  minimum  herein  outlined  will  give  slightly 
different  distortion  curves  than  those  obtained  without  compen- 
sation, but  this  should  not  involve  any  new  difficulty  as  long  as 
the  distortion  curve  is  known.  It  makes  no  difference  what  its 
shape  is,  provided  none  of  the  distortions  are  large. 

The  relative  precision  of  the  minimum  method  as  compared 
with  the  maximum  method  depends  largely  on  the  character  of 
disturbing  interference  and  strays.  In  general,  when  the  strays 
are  very  heavy  and  coming  with  nearly  equal  intensity  from  all 
points  of  the  compass,  the  maximum  method  gives  better  results 
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than  the  minimum,  because  the  minimtim  is  badly  obscured  by 
the  strays.  But  in  the  case  of  interfering  signals  this  may  not 
be  true,  as  the  interfering  signal  may  come  from  such  a  direction 
that  the  reversal  of  the  cross  coil  used  in  the  maximum  method 
may  cause  enormous  difference  in  the  intensity  of  the  interference 
signal,  thereby  obscuring  the  setting  obtainable  with  the  maximum 
method  in  a  manner  even  more  detrimental  to  the  results  than 
the  obscuration  which  would  be  obtained  with  the  minimtim 
method. 

The  maximum  method  was  originated  in  England,  and  is  called 
the  Robinson  method.  It  consists  of  the  use  of  two  direction- 
finder coils  wound  at  right  angles  to  each  other  and  fixed  on  a 
common  support  so  that  they  can  be  rotated  together.  One  coil, 
known  as  the  A  coil,  lies  roughly  in  the  plane  of  propagation  of 
the  observed  signal,  and  the  other  coil,  known  as  the  B  coil,  is 
therefore  roughly  at  right  angles  to  it.  If  the  B  coil  is  exactly 
at  right  angles  to  the  signal,  reversal  of  the  B  coil  willnot  change 
the  strength  of  the  received  signal,  which  remains  equal  to  the 
maximum  signal  obtainable  with  the  A  coil  alone.  The  method 
of  operation  is  to  keep  reversing  the  B  coil  until  the  signal  seems 
to  have  the  same  intensity  in  either  position  of  the  reversing 
switch.  The  advantage  of  the  maximtun  method  lies  in  the  fact 
that  a  loud  signal  can  be  heard  at  all  times,  and  therefore  the 
device  can  be  used  in  an  airplane  where  the  minimum  method 
would  be  impossible  on  account  of  engine  noise.  A  device  is 
usually  provided  whereby  the  A  coil  can  be  used  alone  in  order 
to  determine  the  general  direction  of  the  signal,  said  device  con- 
sisting merely  of  suitable  inductance  or  capacity  to  bring  the 
tuning  of  the  circuit  to  the  same  point  where  the  A  coil  is  cut  in 
or  cut  out. 

IV.  VARIATIONS  IN  OBSERVED  DIRECTION 

Observations  of  the  same  character  as  those  included  in  the 
preceding  paragraph  were  then  made  from  day  to  day  for  long 
periods  of  time  during  the  day,  and  it  was  noticed  that  on  signals 
from  Annapolis,  on  i6  700  m,  distant  only  35  miles,  the  settings 
could  be  repeated  from  day  to  day  and  from  hour  to  hour  with 
fair  accuracy,  but  that  readings  taken  near  the  sunset  hour  and 
at  night  showed  variations  of  a  number  of  degrees.  When 
observations  were  made  on  New  Brunswick's  wave  of  13  600  m 
(distance  from  Washington  to  New  Bnmswick  about  175  miles), 
very  large  deviations  were  frequently  observed,  as  the  following 
table,  which  constituted  only  a  small  share  of  the  observations 


T«iiM 


Varying  Direction  of  Radio  Waves 


425 


actually  taken,  will  show.  A  direct  reading  scale  in  degrees  was 
attached  to  the  rotating  coil,  as  the  deviations  were  so  large  that 
it  was  not  necessary  to  use  the  mirror  and  scale  to  determine 
them.  The  degrees  in  the  titble  are  not  true  bearing,  but  rather 
kA  a  purely  arbitrary  scale.  Two  days  upon  which  the  observa- 
tions were  taken  were  very  foggy,  being  January  22  and  23,  I9i9. 


Amupous 

AJIKAPOLIS 

inSW  BRUNSWICK 

TlOM 

]>eft«M 

dlrecttott- 
flnder 
Mtttnc 

Time 

Degeet 

tflnctioii* 

Under 

Mtttnc 

Time 

Desreee 

dlrecttoQ. 

finder 

iemnc 

Jen.  22: 

20.5 
23.9 
21.7 
21.5 
20.0 
21.0 
19.5 
19.0 
18.8 
19.5 
20.5 
20.0 
20.8 
23.0 
21.5 
21.0 
20.0 
20.0 
24.6 
22.0 
21.5 
20.5 
20.0 
26.0 
26.0 
26.2 
26.5 
a26.5 
27.0 
25.0 

7.35  p.  m 

24.0 
23.0 
•  23.0 
24.0 
26.0 
27.0 
26.5 
25.5 
25.5 
23.5 
23.5 
23.5 
023.0 
0  26.0 
25.5 
25.5 

21.5 

19.7 
20.5 
20.2 
20.0 
19.5 
20.5 
19.8 
19.7 

Jan.  22: 

11,27  a.  m 

U.OOm 

7.36  pbin 

7.40  p.  m 

7S.8 

1.48pi.Bi 

11.28  a.  m 

75.8 

1.49^111 

7.42  p.  m 

11.30  a.  m 

75.9 

1.50  9.  in 

7.43  p.  m « 

7w45p.ili 

lL40a.m 

75.9 

t55pbiii. 

12U)lp.m 

79.5 

L56pbm 

7.46  p.  m 

12.05  p.  m 

80.0 

\SI  pb  m 

9.07  p.  m 

12.10  p.  m 

75.8 

iJS^a. 

2.00  9*  m 

9.10  p.  IB 

8tol0p.m 

70.9 

9.12  p.  m 

3.12  p.  m 

70.2 

ZJXZ  pb  m 

9.13  p.  m 

3.45  p.  m 

75.0 

2.26  p.  in  

9.15  p.  ffl 

4.47  p.  m 

68.0 

2.30'm  m. ...  4. ... . 

9.25  p.  m 

.    5.19  p.  m 

66.9 

2.46  p.  m 

9.50  p.  m 

7.05  p.  m 

66.5 

3U)2p.m 

9.54  p.  m 

7J1  o.m 

SjOip^m 

9.55  p.  m 

7.55  p.  m 

67.0 

ZM  p.  m 

Jan.  23: 

2.07  p.  m 

7.57  p.  m 

064.0 

3.47  p.  m 

8J2  p.  m 

68.0 

8J8p.m. 

4.46  p.  m 

2.44  p.  m 

8*55  p.  m 

69.0 

2.52  p.  m 

8.57  p.  m 

72.0 

S4Mp.in 

3.01  p.  m 

8J8p.m 

93.0 

SiMp^m 

8.07  p.  in 

8J9  p.  m. 

72.0 

5.07  p.  in. 

3.06  p.  m 

9.00  p.  m 

71.0 

5.17  p.  m 

3.08}  p.  m 

3X9  p.  n 

9.01  p.  m 

71.2 

7.22  p.  IB 

9.0s p. m..  ... 

71.5 

7.25  p.  a. 

7.26  p.  m 

3,10  B.  m 

Jan.  23: 

8.41  p.  m 

74.0 

7.27  p^  SI 

.4.14B.in 

75.0 

7«80pbin 

4,26  B.m 

72.5 

7.32  pbin 

5.02  p.  m 

73.5 

7.94  p.  m 

5X3  p.  a 

74.0 

•  MhihmnB  very  broad,  unable  to  compensate. 


h  Minimum  too  broad  lor  obacrvation. 


It  will  be  seen  that  the  maximum  observed  variation  of  the 
apparent  direction  of  Annapolis  is  8.2^  and  in  the  case  of  New 
Brunswick  18^.  The  maximum  observed  rate  of  change  of  appar- 
ent bearing  in  the  case  of  Annapolis  was  2.2^  per  minute  and  oc- 
curred at  1.48  p.  m.  on  January  22.  A  number  of  cases  occur 
where  the  vatriation  on  Annapolis  is  in  the  neighborhood  of  2^  per 
minute.  In  the  case  of  New  Brunswick  the  maximum  observed 
i3eo3r»— 19 — 2 
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rate  of  change  of  bearing  was  1.5^  per  minute,  which  was  noted  at 
7.55  p.  m.  and  8.57  p.  m.  on  January  22.  Observations  have, 
however,  been  made  on  New  Brunswick  showing  much  larger  rates 
of  change  than  those  appearing  in  this  table.  Many  of  these  early 
observations  were  discredited,  as  the  results  seemed  to  be  so  totally 
at  variance  with  results  obtained  by  the  Navy  Department  on 
short-wave  work  that  the  whole  matter  was  thought  to  be  dtie 
to  some  peculiarity  of  the  installation  at  this  laboratory. 

V.  POSSIBLE  CAUSES  OF  THE  VASIATIOIT  OF  APPARENT 

BEARING 

It  having  been  suggested  that  the  variation  was  due  to  some 
peculiarty  of  the  method  of  comp^sated  minimum  outlined  in  this 
paper,  a  large  number  of  observations  were  taken  with  the  ordinary 
minimum  method,  and  variations  of  exactly  the  same  order  of 
magnitude  were  discovered,  although  the  accuracy  of  the  settings 
was  naturally  not  so  great.  The  method  of  compensated  mini- 
mimi  is  not,  therefore,  responsible  for  any  of  these  variations,  but 
merely  enables  them  to  be  detected  more  readily.  A  creeping 
variation  may  often  be  detected  in  the  course  of  a  few  seconds, 
since  the  accuracy  bf  settings  with  the  new  method  is  of  the  order 
of  one-tenth  of  i  ®. 

The  possibility  of  reradiation  from  local  circuits  and  other 
antennas  at  the  Bureau  of  Standards  causing  a  shift  in  the  apparent 
bearing  was  than  considered.  A  number  of  observations  were 
taken  on  four  different  evenings  between  10  and  12  o'clock,  be*^ 
tween  the  loth  and  20th  of  December.  An  investigation  showed 
that  no  antennae  were  being  used  at  that  time  and  that  all  elec- 
trical circuits  were  practically  constant  in  this  neighborhood. 
Even  greater  variations  than  those  reported  in  this  series  were 
observed.  Finally  the  antenna  at  the  Naval  Radio  Aircraft  Lab- 
oratory which  terminates  within  20  feet  of  the  direction-finder 
coil  was  ttmed  to  the  wave  length  under  observation.  The  fol- 
lowing table  shows  the  data  obtained  on  Annapolis  taken  on  Jan- 
uary 23: 


Tima 

8attii« 

Wlthotit  amlAl  tiinvd  In 

2.44  p.  m 

19.7 

Wtthaerial 

2.51  p.  m 

19.  S 

WiMhMf t  iMnlfil  tmiM  in - 

2.52p.m 

20.  S 

WithMrial 

2.53  p.  m 

21.0 

With  aerial  lead  broodit  within  8  InchM  of  c«D 

3.00  p.  m 

24.0 

Wlthovt  a^rliii  tfui«4  in 

3.01  p.ni 

ao.2 
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This  table  shows  conclusively  that  the  tuning  in  of  the  aerial 
produces  no  effect  unless  a  lead  from  the  aerial  is  brought  .within 
a  few  inches  of  the  coil,  and  even  with  this  greatly  exaggerated 
case  of  reradiation  it  was  only  possible  to  rotate  the  apparent 
bearing  through  3.8®.  The  change  between  2.44  p.  m.  and  2.53 
p.  m.  from  19.7  to  21.0  is  merely  what  might  be  called  the  normal 
drift  of  the  apparent  bearing  and  can  not  be  ascribed  to  tlie  tuning 
in  of  the  aerial. 

VI.  EXPLANATION  OF  VARIATIONS 

These  severe  tests  of  the  effect  of  reradiation  from  antennas  and 

other  accidentally  tuned  circuits  show  that  the  changes  dealt  with 

in  this  paper  are  of  an  order  of  magnitude  which  can  not  be 

ascribed  to  local  conditions  at  the  Bureau  of  Standards.    The 

writer  has  information  that  variations  of  this  sort  as  high  as  20^ 

have  been  noted  by  British  observers.    The  variations  must 

therefore  be  ascribed  to  reflection  and  refraction  effects  and  it  is 

believed  that  they  are  fully  in  accord  with  the  most  modem 
notions  of  the  manner  of  propagation  of  electromagnetic  waves 

over  the  surface  of  the  earth.  These  observations  are  therefore 
merely  a  confirmation  of  an  already  fairly  well-known  phenomena 
of  reflection  and  refraction  of  electromagnetic  waves  from  or 
through  banks  of  more  or  less  ionized  layers  of  the  atmosphere, 
clouds,  fogs,  etc.  The  result  is  that  the  receiving  rectangle  is 
influenced  not  only  by  tlie  main  wave  which  we  may  think  of  as 
coming  in  a  straight  line  from  the  sending  station,  but  by  the 
munerous  other  waves  coming  by  longer  paths  and  converging  on 
the  receiving  rectangle  by  virtue  pf  their  having  suffered  either 
partial  reflection  at  various  suriaoes  of  different  electrical  con- 
stants or  having  passed  through  regions  of  such  electrical  constants 
as  to  produce  what  may  be  described,  roughly,  as  prism  or  lens 
action. 

It  is  evident  that  these  reflected  and  refracted  portions  will 
arrive  at  the  receiving  rectangle  from  various  directions  and  in 
various  phases.  They  may  be  resolved  into  two  component 
parts — those  which  have  an  electric  vector  in  the  plane  of  the 
receiving  rectangle  and  those  which  have  an  electric  vector  at 
right  angles  to  that  plane.  The  latter  will  produce  no  effect, 
but  the  former  may  be  still  ftirther  subdivided  into  two  electrical 
components — one  in  phase  with  the  electric  vector  of  the  main 
wave  and  the  other  90*^  out  of  phase  with  it.  The  latter  is  com- 
pletely balanced  out  by  the  method  of  compensation  employed. 
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Its  effect  is  to  pnxiuce  a  very  broad  minimum  and  in  some  cases 
was  sb  great  that  it  could  not  be  fully  compensated  out  with  the 
degree  of  coupling  available  at  the  point  M  shown  in  Fig.  i .  It 
will  be  noted  from  the  observations  taken  after  dark  that  such 
very  broad  minima  were  quite  frequently  encountered.  The  other 
component  of  the  electric  vector  in  plane  with  the  coil  and  in  phase 
with  the  main  wave  may  be  compensated  by  slightly  rotating  the 
coil  so  as  to  oppose  their  action  on  that  of  the  main  wave.  These 
components  are  the  ones  that  produce  the  shift  in  the  apparent 
bearing.  The  fact  that  this  shift  is  less  noticeable  on  a  near-by 
station  like  Annapolis  than  it  is  on  a  more  distant  station  like 
New  Brunswick  is  due  to  the  main  wave  of  a  near-by  station 
being  so  much  stronger  than  these  reflected  and  refracted  com- 
ponents and  also  to  the  fact  that  over  a  short  distance  there  are 
less  opporttmities  for  such  reflection  and  refraction  to  occur. 

It  may  be  confidently  expected  that  with  greater  distances 
more  marked  deviation  of  the  apparent  bearing  will  appear.  At 
the  same  time  an  average  of  a  large  number  of  observations  will 
probably  give  settings  which  will  check  up  well  enough  with  the 
true  bearing.  From  what  is  already  known  of  the  erratic  behavior 
of  transmission  in  a  fog,  it  is  not  surprising  that  abnormal  varia- 
tions were  obtained  on  the  two  foggy  days  of  January  22  and  23. 
Neither  is  it  surprising  that  greater  variations  are  experienced  in 
the  sunset  period  and  after  dark  than  are  found  on  a  clear  day, 
dnce  it  is  well  known  that  all  signals  vary  enormously  in  intensity 
during  these  periods.  The  following  sunset  series  was  obtained 
on  February  8  on  New  Brunswick.  It  will  be  noted  that  at  5.30 
p.  m.  it  was  impossible  to  tell  from  what  direction  New  Brunswick's 
signals  were  coming  and  that  between  5.22  and  5.38  p.  m.  a  varia- 
tion of  68°  occurred. 
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Observations  taken  during  the  same  period  on  Annapolis  showed 
the  fluctuations  indicated  in  the  following  table: 
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A  large  number  of  observations  have  been  taken  on  wave 
lengths  of  4000,  9200,  9800,  10  000,  13600,  and  16700  m. 
It  was  soon  discovered  that  very  large  variations  m 
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occurred  at  night  and  that  the  variations,  in  general,  were  much 
worse  on  the  long  waves,  the  one  exception  to  this  being  Annapolis 
on  1 6  700  m«  This  station  is  only  35  miles  distant,  which  probably 
accounts  for  the  small  variations.    Fig.  2  shows  a  typical  variation 
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on  Annapolis  over  24-hour  period.  For  purposes  of  comparison, 
some  observations  on  New  Brunswick  on  13  600  m  are  shown  on 
the  same  sheet.    Unfortunately  New  Brunswick  did  not  transmit 
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throughout  the  whole  of  this  period.  Fig.  3  shows  the  com- 
parative variation  during  the  afternoon  of  February  25,  191 9,  on 
New  Brunswick  on  13  600  xn  and  Sayville  on  9800  m.    Fig,  4 
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shows  c(unparative  variations  on  New  Brunswick  on  13  600  m« 
and  Boston  during  the  sunset  period  on  loodo  and  4000  m. 
The  shorter  wave  seemed  to  give  the  least  variation.  Fig.  5 
shows  a  typical  24-hour  series  on  New  Brunswick.  It  will  be 
noted  that  between  3  and  4  a.  m.  the  bearing  suffered  a  rotation 
of  nearly  90^.  A  number  of  other  observations  have  been  taketi 
on  4000  m,  some  of  them  showing  very  bad  variations,  but  in 
general  less  than  those  obtained  on  longer  waves.  Work  on  con- 
tinuous waves  shorter  than  4000  m  is  under  way. 
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Considerable  work  has  also  been  done  on  spark  signals,  with 
particular  attention  to  the  wave  lengths  of  952,  1200,  and  1512  m. 

So  far  no  serious  variations  have  been  observed  on  these  waves, 
with  the  exception  of  a  few  series  on  Brooklyn  and  New  York. 
Some  of  .the  Brookl3m  observations  at  151 2  m  taken  on  his  press 
schedule  between  9  and  9.40  p.  m.  have  shown  a  shift  as  large 
as  30®.  The  variation  of  the  observations  on  New  York  at  9.52  m 
is  partly  accounted  for  by  the  fact  that  several  stations  are  operated 
under  the  same  call  letter.    On  the  other  hand,  their  angular 
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separation  is  only  12^,  whereas  the  variations  in  bearing  so  far 
observed  axe  more  than  double  that  amount. 

Variations  on  short-spark  waves  are  evidently  qtiite  rare  and 
not  nearly  of  as  great  magnitude  as  on  the  longer  continuous 
waves.  Results  obtained  at  short-wave  direction  finder  stations 
do  not  indicate  variations  of  the  order  of  magnitude  herein 
described.  This  also  is  entirely  understandable  on  the  basis  of 
the  reflection  and  refraction  idea.  Short  waves  commonly  used 
for  direction-finding  work  between  ship  and  shore  are  emitted  by 
spark  stations  and  have  a  considerable  decrement.  The  wave 
train  not  being  sustained,  definite  and  persistent  interference 
phenomena  are  no  longer  possible.  Broadening  of  the  minimum 
may,  of  com-se,  be  expected  and  in  fact  is  noted  in  all  direction- 
finder work.  It  has  hitherto  always  been  ascribed  to  what  is 
called  the  antenna  effect  in  the  coil,  but  reflection  and  refraction 
may  also  be  responsible  for  a  considerable  share  of  the  broadening 
of  the  minimum.  Moreover,  with  shorter  waves  the  path  differ- 
ences from  sender  to  receiver  by  the  direct  route  as  compared 
with  routes  via  reflecting  and  refracting  media  will  correspond 
to  a  much  larger  number  of  wave  leng^s.  If  the  principal 
reflecting  surfaces  should  prove  to  be  the  so-called  Heaviside  layer 
at  very  high  altitides,  it  is  evident  that  there  could  be  no  definite 
arrangement  of  interference  at  the  receiver  as  the  latter  end  of 
one  wave  train  might  arrive  at  the  same  time  as  the  beginning  of 
the  main  wave  train.  The  problem  would,  therefore,  be  much 
complicated  by  the  fact  that  the  wave  train  is  not  continuous 
and  it  is  very  difficult  to  see  how  any  definite  shift  of  wave  front 
could  result.  The  writer  has  no  available  data  on  continuous 
short  wave  stations,  but  ventm-es  to  suggest  that  there  is  far  more 
likelihood  of  serious  deviations  in  the  apparent  bearings  of  such 
stations  occurring  than  in  the  cases  of  spark  stations  on  similar 

wave  lengths. 

.Vn.  CONCLUSIONS 

A  mettiod  of  compensating  the  minimum  and  increasing  the 
accuracy  of  direction-finder  settings  has  been  worked  out  for  long 
waves.  It  has  been  shown  that  deviations  of  the  order  of  90® 
may  occtir  in  the  line  of  propagation  of  the  resultant  wave  front 
in  the  case  of  very  long  continuous  waves.  The  facts  are  fully  in 
accord  with  the  theory  of  propagation  of  such  waves  and  the  often 
expressed  belief  in  the  existence  of  media  in  the  various  layers  of 
the  earth's  atmpsphere  which  are  capable  of  reflecting  and  refract- 
ing these  waves. 
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The  value  of  long  continuous  waves  for  direction-finder  work 
is,  in  view  of  these  results,  very  doubtful.  It  is,  of  course,  i>os- 
sible  that  observations  taken  over  a  more  imiform  surface  like  the 
sea  would  not  show  such  marked  variations.  Observations  on 
long  continuous  waves  would  be  of  value  only  if  the  observations 
cover  a  considerable  period  of  time  and  show  no  very  wide  fluctua- 
tions. 

•  It  has  been  indicated  that  these  results  do  not  cast  doubt  upon 
the  accuracy  of  direction-finder  observations  carried  out  on  short 
wave  spark  stations,  since  consecutive  interference  according  to  a 
definite  plan  would  not  be  as  likely  to  occur  when  a  damped  wave 
train  is  used.  The  few  cases  of  variations  of  bearing  on  spark 
signals  so  far  observed  seem  to  be  accompanied  by  marked  fading 
effects,  as  would  be  expected  if  they  are  an  interference  pheno- 
mena. Also  the  minimtun  was  broadened  very  considerably  in 
many  cases,  but  in  a  few  cases  a  very  bad  fluctuation  in  bearing 
was  accompanied  by  a  sharpening  rather  than  a  broadening  of  the 
minimtun. 

No  attempt  in  any  of  this  work  has  been  made  to  compensate 
local  deflections  so  as  to  get  the  true  bearing,  as  the  writer  was 
interested  solely  in  time  variations  and  not  with  local  distortions. 

It  must  be  concluded  that  it  would  be  very  dangerous  to  use 
long  continuous  waves  for  direction-finder  work  at  sea  until  it  has 
been  definitely  proven  that  these  variations  do  not  occur  when 
transmission  is  not  partly  or  wholly  overland.  It  is  also  very 
likely  that  even  with  spark  stations  it  would  not  be  wise  to  use 
longer  waves  than  1 500  m  imtil  it  has  been  definitely  shown  that 
such  waves  do  not  vary  in  overseas  transmission  as  they  occa- 
sionally do  in  overland  transmission. 

Washington,  July  15,  191 9. 
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L  INTRODUCTION 

In  a  radio  transmitting  or  receiving  set,  either  the  condenser 
or  the  inductance  coil  is  made  of  large  dimensions.  It  is  then 
called  the  aerial,  and  effects  the  transfer  of  power  between  the 
radio  circuits  and  the  ether.  The  coil  aerial  has  the  inherent 
advantage  of  serving  as  a  direction  finder  and  interference  pre- 
venter, but  is  less  effective  quantitatively  as  a  transmitting  or 
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receiving  device  than  the  condenser  t3rpe  of  aerial,  comnionly 
called  the  antenna.  Both  kinds  of  aerial  are  very  simple  in  con- 
struction, consisting  merely  of  one  or  more  wires.  An  tmfimm^ 
consists  of  a  wire  or  set  of  wires  comiected  in  parallel  and  consti- 
tuting one  plate  of  a  condenser,  the  other  plate  being  the  ground 
beneath.  The  coil  aerial  is  one  or  more  turns  of  wire  constituting 
a  simple  coil  or  loop.  When  an  antenna  is  used  its  circuit  is  com- 
pleted, in  general,  by  placing  an  inductance  coil  in  series  with  it 
and  the  ground;  and  when  a  coil  aerial  is  used  its  circuit  is  com- 
pleted by  connecting  a  condenser  across  its  terminals.  The 
typical  connections  are  shown  in  Pigs,  i  and  2.  The  coil  aerial 
requires  no  connection  to  ground  at  all. 

The  antenna  is  used  when  it  is  desired  to  communicate  over  as 
great  a  range  as  possible  or  to  reduce  the  power  required  in  the 
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transmitting  apparatus  as  much  as  possible.  The  coil  is  used 
when  directional  properties  are  particularly  important.  The  coil 
radiates  and  receives  electric  waves  better  in  the  direction  of  its 
plane  than  in  the  direction  of  its  axis,  whereas  the  performance 
of  an  antenna  is  much  more  nearly  independent  of  the  direction 
of  the  waves.  By  arranging  a  coil  so  that  it  can  be  rotated  it 
makes  an  excellent  direction  finder.  When  thus  used  on  a  ship 
or  an  airplane  a  coil  aerial  is  sometimes  called  a  radio  compass. 
It  has  also  been  called  a  radio  goniometer.  By  turning  it  so  that 
its  axis  is  parallel  to  the  direction  of  propagation  of  the  wave 
from  some  particular  station,  that  wave  is  not  received  while 
waves  from  other  directions  are  received:  The  coil  may  thus 
serve  as  an  interference  preventer.  It  is  possible  to  attain  some 
slight  reduction  of  the  effects  of  strays,  commonly  called  static. 
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by  using  combinations  of  coil  aerials.  Submarine  communication 
is  more  successful  with  coil  aerials  than  with  antennas,  because 
the  coil  can  be  protected  from  the  short-circuiting  effect  of  the 
water  while  an  antenna  can  not.  The  ntunerous  advantages  of 
the  coil  aerial  make  it  highly  important  to  know  the  relative 
sensitiveness  or  power  of  transmission  of  the  device  in  comparison 
with  the  anteima.    This  publication  provides  the  answer  to  this 
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question  and  sets  forth  the  theory  of  radiation  and  reception  and 
the  action  of  antenna  and  coil  aerials.  The  relative  effectiveness 
of  any  coil  and  antenna  is  given  by  formulas  (32)  to  (36)  in  Sec- 
tion rV,  I,  below.  The  uses  of  the  coil  as  a  direction  finder, 
interference  preventer,  reducer  of  strays,  and  submarine  aerial, 
are  not  treated  in  this  article. 

The  most  important  question  considered  is  the  practical  one: 
How  far  can  ^communication  be  maintained  by  the  use  of  any 
specified  antennas  or  coil  aerials?  Formulas  are  developed  by 
which  the  current  received  in  an  antenna  or  coil  is  calculated 
in  terms  of  the  current  in  a  transmitting  antenna  or  coil,  resist- 
ance of  receiving  aerial  circuit,  the  distance,  wave  length,  and 
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dimensions  of  the  aerials.  The  formtdas  have  been  found  to  be 
useful  in  the  design  of  aerials  and  in  the  selection  of  an  aerial  for 
a  particular  kind  of  communication.  They  were  worKfed  out 
before  there  was  any  experimental  information  available  to  ans- 
wer the  question  of  the  comparative  quantitative  value  of  the 
two  kinds  of  aerials.  Not  much  information  on  this  has  been 
obtained  from  experiment  even  yet  (191 9),  but  such  experiments 
as  have  been  made  have  substantiated  the  formulas.  The  work 
described  in  this  paper  was  done  in  1916  and  191 7.  The  results 
were  given  in  ''Radio  Transmission  Formulas,"  a  confidential 
paper  of  July,  191 7,  which  was  circulated  in  the  Signal  Corps 
and  Navy.  Publication  was  withheld  during  the  war  at  the  re- 
quest of  the  Signal  Corps.  The  formulas  have  also  been  given 
b/the  writer  of  the  present  paper  on  page  234  of  "The  Principles 
Underlying  Radio  Commtmication,''  1918,  Signal  Corps  Pamph- 
let No.  40,  a  book  which  can  be  pturchased  from  the  Superin- 
tendent of  Docmnents,  Government  Printing  Office,  Washington, 
D.  C. 

Historical. — ^The  coil  aerial  and  the  condenser  type  of  aerial 
(antenna)  both  date  back  to  the  first  experimenter  with  the  elec- 
tric waves  that  make  radio  telegraphy  possible.  H.  Hertz,  in 
1888,  used  an  open  oscillator,  which  was  the  forerunner  of  the 
antenna,  as  his  transmitting  apparatus.  For  receiving  he  used  a 
circle  of  wire,  which  was  the  first  loop  or  coil  aerial,  and  observed 
its  directional  properties. 

The  possibility  of  a  loop  or  coil  aerial  as  a  transmitting  device 
was  discussed  from  the  theoretical  standpoint  by  G.  P.  Fitzgerald 
and  later  by  J.  A.  Fleming  (Electrician,  vol.  59,  pp.  936,  976, 
1016;  1907).  Fleming  derived  expressions  for  the  radiated  fields, 
using  a  curious  theory  in  which  the  four  sides  of  the  coil  were 
replaced  by  Hertzian  doublets. 

The  use*  of  a  large  loop  or  single-turn  coil  as  an  aerial  in  prac- 
tical radio  communication  was  described  by  G.  Pickard  (Pro- 
ceedings of  the  Wireless  Institute  of  America,  vol.  i ,  May,  1,1 909) . 
He  discussed  its  properties  both  as  a  radiating  and  receiving  aerial. 
He  described  its  use  as  a  direction  finder,  stating  that  he  had 
determined  directions  with  it  to  better  than  i  degree. 

In  spite  of  this  work  and  proposals  by  others,  the  antenna  was 
used  almost  exclusively  as  the  transmitting  and  receiving  device 
until  1 91 3.  The  use  of  the  coil  aerial  received  a  great  impteus 
by  the  publication  of  an  article  by  F.  Braun  (Jahrbuch  der  draht- 
losen  Telegraphie  und  Telephonic,  vol.  8,  p.  i ;  1914),  on  the  Use 
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of  Closed  Circuits  in  Place  of  Open  in  Radio  Td^^raphy.  He 
discussed  the  advantages  of  a  coil  aerial  as  a  receiver  and  trans- 
nutter,  both  from  the  theoretical  and  the  experimental  standpoint. 

Since  1913  there  has  been  a  great  deal  of  development  work 
done  on  coil  aerials  and  they  were  extensively  used  in  the  war. 
The  development  of  the  coil  aerial  as  a  practical  direction  finder 
and  receiving  device  was  begim  at  the  Bureau  of  Standards  in 
191 5.  Using  electron  tubes  as  the  detecting  apparatus,  trans- 
Atlantic  signab  were  received  on  a  coil  inside  a  room.  Experi- 
ments with  the  coil  as  a  transmitting  device  were  carried  out  at 
the  Bureau  in  191 7.  Among  the  very  few  published  treatments 
of  development  and  use  of  the  coil  aerial  are  those  in  Bucher's 
textbook  ''Practical  Wireless  Tel^^raphy/'  191 7,  p.  256;  and 
"Radio  Direction-Finding  Apparatus/'  by  A.  S.  Blatterman 
(Elec.  World,  vol.  73,  p.  464;  1919).  Most  of  the  descriptions  to 
date  have  been  confidential  reports  of  the  military  services  of 
various  countries. 

The  theoretical  discussions  by  Fleming  and  Braun  are  ctunber- 
scme  and  needlessly  complicated  and  the  results  are  not  well 
adapted  to  practical  use.  The  present  paper  presents  an  original 
treatment  that  is  relatively  very  simple,  but  none  the  less  exact, 
and  leads  to  condusious  that  apply  directly  to  practical  work. 
This  paper  also  points  out  a  ntunber  of  misconceptions  that  have 
existed,  and  endeavors  to  clear  up  some  of  the  controversial 
points  on  the  radiation  of  waves  and  the  ftmctioning  of  aerials. 

EL  DERIVATIONS  OF  THEORETICAL  FORMULAS 

1.  RADIATION  FROM  AN  ANTENNA 

Formula  (8)  below,  giving  the  radiated  magnetic  field  at  a 
distance  from  an  antenna,  is  a  well-known  formula.  It  has  been 
given  by  various  writers,  and  is  the  only  one  presented  in  this 
paper  that  requires  any  deep  consideration  of  fundamental 
electromagnetic  theory.  The  result  is  in  fact  implicit  in  Maxwell 's 
classical  treatise,  ''Electricity  and  Magnetism."  The  derivation 
given  here  is  much  more  direct  and  brief  than  the  others  the 
author  has  seen,  and  is  given  only  for  that  reason.  The  deri- 
vations of  formula  (10)  and  following  ones  are  still  simpler,  and 
will  be  of  more  interest  to  most  readers. 

The  tmits  used  in  this  paper  are  international  electric  units, 
the  ordinary  electric  tmits  based  on  the  ohm,  ampere,  centimeter, 
and  second.     (See  paper  by  the  author  on  ''  International  System 
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of  Electric  and  Magnetic  Units/'  Scientific  Paper  of  the  Bureau  of 
Standards  No.  292.)  The  unit  of  magnetic  field  intensity  is  the 
gilbert  per  cm,  often  called  the  cgs  unit.  The  only  exception 
to  the  use  of  units  of  the  international  system  is  in  certain  of  the 
practical  formulas  where  lengths  are  expressed  in  meters  or  miles 
where  so  stated. 

In  the  following  discussion  is  calctdated  the  magnetic  field 
intensity  produced  by  a  flat-top  antenna,  having  electric  current 
ci  uniform  value  throughout  the  length  of  the  vertical  portion. 
Most  antennas  in  practice  approximate  closely  this  condition. 
The  symbols  used  are : 

t»  instantaneous  current. 

/o  -■  maximum  value  of  current. 

/ — effective  value  of  cturent. 

i/t— instantaneous  value  of  magnetic  field  intensity. 

ifo— maximum  value  of  magnetic  field  intensity. 


I 
I 


FZo.  3. — CaicuJaiion  of  magnHic  field  at  a  diitaMcefram  an  anteima 

// —effective  value  of  magnetic  field  intensity. 

A— height  of  aerial. 

d  »  distance  from  sending  aerial. 

<o-»  2  ir  times  frequency  of  the  current. 

i— time. 

X — wave  length. 

c— velocity  of  electric  waves  — 3X  lo*®  cm  per  second. 

Subscripts  (:)s— sending,  r— receiving,  a— antenna,  c— coil. 
In  Pig.  3  the  upper  heavy  Une  represents  the  flat  top  of  the 
antenna  and  the  lower  heavy  Une  the  grounding  area.  Suppose 
a  current  is  flowing  having  the  instantaneous  value  i  id  the  ver- 
tical portion.  The  magnetic  field  intensity  at  any  point  due  to 
a  varying  current  is  different  from  that  due  to  a  steady  current. 
Consequently  the  field  can  not  be  calculated  in  the  same  way  that 
the  magnetic  field  intensity  of  a  straight  wire  is  ordinarily  calcu- 
lated. When  the  current  is  varying,  the  magnetic  field  intensity 
is  calculated  by  the  aid  of  a  quantity  called  the  vector  potential 
in  such  a  way  that  the  variation  with  time  is  taken  into  account. 
The  instantaneous  value  of  the  vector  potential  of  current  in  the 
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vertical  conductor  at  a  distance  dins,  plane  perpendicular  to  the 
conductor,  is 

where  [i\  indicates  that  for  any  time  t  the  value  of  i  is  taken  for 

the  instant  It  —  V 

Suppose  the  current  in  the  antexma  is  a  sine-wave  alternating 
current, 

i^Iosiacot  (2) 


.     h[i]     hh   . 
A— J— ^sm 

The  magnetic  field  intensity  is  calculated  from  the  vector  potential 
by  the  general  relation  Ht  — o.i  curl  A,  which  for  this  simple  case 
of  a  straight  conductor  becomes 

wt--^'  (4) 

10  od  ^^' 

the  direction  of  Ht  being  perpendicular  to  the  plane  of  h  and  d. 
Prom  equation  (3) , 


„         ho)h  /.     d\     hlo    '      /.    d\  ,  . 

Ht=  -rT73COs«(^^--j«^^sino,(^/-^  j  (5) 


locd 


This  equation  gives  the  magnetic  field  intensity  at  any  point  P 
at  a  distance  d  from  the  antenna.  The  second  term  represents 
the  ordinary  induction  field  associated  with  the  current,  while  the 
first  term  is  the  radiation  field.  At  a  considerable  distance  the 
second  term  is  negligible,  because  the  second  power  of  d  occurs  in 
the  denominator.  The  first  term  then  represents  the  m£^;netic 
field  radiated  from  an  antenna  at  the  distance  d  from  the  antenna. 
The  distance  d  is  measured  along  the  earth's  surface,  because  the 
waves  follow  the  curvature  of  the  earth's  surface  instead  of  pro- 
ceeding straight  out  into  space.  For  a  considerable  distance  from 
the  antenna  the  maximtun  value  of  the  magnetic  field  intensity 
during  a  cycle  is  therefore  • 


1341430—19 — 2 


^^locd 
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Expressing  in  terms  of  effective  values, 

Henceforth  H  means  the  radiated  field,  tmless  it  is  specifically 
stated  to  be  the  total  field.  The  last  equation  may  be  expressed 
in  terms  of  wave  length  instead  of  o)  by  the  relation 

,     --       2ThI 

t  •'•  "  ^ —  K~j  ^  • 

ID  ML 

Using  the  subscript  s  to  indicate  that  it  is  the  sending  rather  than 
the  receiving  antenna  which  is  considered, 

H--^  (8) 

ID  Xa  ^  ^ 

This  derivation  follows  the  conceptions  presented  in  the  early 
pages  of  Lorentz,  "The  Theory  of  Electrons."  It  is  equivalent  to 
Hertz's  intricate  proof,  but  is  more  direct.  The  way  in  which 
the  result  is  expressed  here  accords  more  closely  with  the  physical 
ideas  and  with  actual  practice,  being  expressed  in  terms  of  current 
rather  than  electric  charge,  since  it  is  cturent  that  is  actually 
measured  in  an  antenna,  and  the  cturent,  furthermore,  is  generally 
uniform  in  the  vertical  portion  of  the  antenna. 

Formula  (8)  gives  the  radiated  magnetic  field  from  a  sending 
antenna  at  a  distance  d  along  the  earth's  stuiace.  The  tmits  are 
the  gilbert  per  cm  for  //,  the  ampere  for  /,  and  the  centimeter 
for  all  lengths,  as  previously  stated. 

Undamped  alternating  current  in  the  antenna  was  asstuned. 
The  same  result,  however,  is  obtained  if  the  current  is  damped. 

At  very  great  distances  from  the  sending  aerial,  the  magnetic 
field  is  less  than  that  calculated  by  formula  (8) ,  because  of  absorp- 
tion of  the  power  of  the  wave  in  the  ground  as  it  travels  along. 
This  may  be  taken  into  accoimt  by  multiplying  the  right-hand 
member  of  (8)  by  a  correction  factor  F^.  The  value  of  this  factor 
for  daytime  transmission  over  the  ocean,  derived  from  the  experi- 
ments of  L.  W.  Austin,  Scientific  Paper  of  the  Bitfeau  of  Standards 

No.  159;  1911,  is 

• 

/r^«^-o.ooocH7-^  (9) 

for  d  and  X  both  in  meters.    This  correction  ordinarly  needs  to 
be  applied  only  when  the  distance  is  greater  than  100  kilometers. 
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2.  RADUTION  FROM  A  COa 

It  was  formerly  the  belief  that  a  coil  cotild  not  radiate,  because 
the  ctinent  up  one  side  of  the  coil  (Pig.  4)  produces  a  field  equal 
and  opposite  to  that  down  the  other  side  of  the  coil.  This  is 
erroneous  because  the  two  eqtial  fields  are  not  exactly  opposite. 
The  phase  bfetween  the  two  departs  from  180®  because  of  the 
finite  time  required  for  the  field  to  be  propagated  from  one  side 
of  the  coil  to  the  other.  It  is  only  along  the  axis  of  the  coil  that 
the  calculated  radiation  is  zero.  The  actual  resultant  field 
radiated  from  the  coil  may  be  deduced  in  either  of  two  very 
simple  ways,  both  of  which  are  interesting  from  the  physical 

. — ,1 .— -> 


Fto.  4. — CakulaHon  of  magnetic  field  Todiaied  from  a  coil 

standpoint.    The  first  deals  with  the  instantaneous  values  of  the 
magnetic  field,  and  the  second  with  the  effective  values. 
The  following  additional  symbols  are  used: 

/» horizontal  length  of  coil  aerial. 
^  =  number  of  turns  of  wire  of  coil  aerial. 
0  »  phase  angle  between  values  of  field  intensity  a  distance 
/  apart  in  the  wave. 

First  Deduction. — Consider  a  rectangular  coil  of  height  h  and 
horizontal  length  /.  The  magnetic  field  at  a  point  P  in  the  d 
direction  is  the  restdtant  of  the  fields  aiisic^  from  current  in  the 
two  Vertical  sides  of  the  coil.  The  two  horizontal  sides  contribute 
nothing,  because  a  point  at  great  distance  d  is  practically  equi- 
distant from  these  two  sides.  The  magnetic  field  due  to  any  one 
of  the  vertical  wires  of  the  coil  is  calculated  from  equation  (5) 
above.  Neglecting  the  second  term,  because  d  is  large,  the  in- 
stantaneous values  of  the  magnetic  field  (Pig.  4)  at  the  distances 
d  and  (d-/),  respectively,  from  the  two  vertical  sides  are        » 


hNa)Io 
*""      load 


//d= r  cos 


K'-^) 


„          .     ,w,w.o              /,    d-l\ 
Ha-i  =  + ,j — K  COS  «  M I 


hNwI, 
ioc{d—l) 
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The  restiltant  field  if  t  is  the  algebraic  sum  of  these  two,  which 
becomes,  since  (d—l)  is  very  nearly  d  when  d  is  ?arge, 


hNialo 


m  6)1 1  — 2  Ism  — 


Ht= ^2  sin 

lo  cd 


The  eflEective  value  of  the  resultant  field  is 

2   hNcoI    .     cdI 
H= T~  sm 


lo     cd  2  c 


Using  the  relations 


<a       27C 


and  sm  — - — 
2  c     2  c 


the  latter  holding  when  the  angle  is  small;  that  is,  /  small  com- 
pared with  the  wave  length, 

„     4T*  hJJ^J, 

lo     Va  ^     ^ 

This  is  the  radiated  magnetic  field  from  a  sending  coil  aerial 
at  a  distance  d  along  the  earth's  surface,  the  direction  of  d  being 
the  plane  of  the  coil.  The  units  are  international  imits  as  stated 
under  equation  (8).  The  deduction  assumes  that  the  grotmd 
below  the  coil  is  not  so  good  a  conductor  as  to  form  an  image 
of  the  coil.  Thus  the  formida  applies  to  a  radiating  coil  in  an 
airplane  as  well  as  to  one  at  a  ground  or  ship  station. 

The  formula  applies  for  either  damped  or  tmdamped  current 
/.  in  the  sending  antenna.  For  very  great  distances  the  right- 
hand  side  of  the  formula  must  be  multiplied  by  the  distance 
correction  factor  F^  given  in  (9),  the  same  as  for  a  radiating 
antenna.  ^ 

Second  Deduction. — ^The  radiated  magnetic  field  due  to  one  of 
the  sides  of  the  coil  is  NJi^ ,  and  from  formula  (8) , 

H.=Hr*^  („) 

*     10    Xa  ^     ' 


XMNMMfJ 
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If  the  two  vertical  sides  of  the  coil  coincide,  thdr  magnetic 
fields  wotild  be  equal  and  opposite,  as  shown  by  the  'lines  OA 
and  OB,  Fig.  5.  But  since  the  two  vertical  sides  are  separated  by 
the  distance  /,  at  any  instant  the  field  a  distance  d  (Fig.  4)  from 
the  left  side  of  the  coil  has  traveled  a  distance  /  farther  than 
the  field  from  the  right  side.  If  then  NJI^  is  the  field  due 
to  the  right  side,  the  field  at  the  same  point  due  to  the  left 
side  is  shifted  in  phase  from  the  position  OB  to  OC  in  Fig.  5,  where 
the  angle  0  between  them  is  the  phase  angle  between  the  values 
of  the  field  a  distance  /  apart  in  the  waves. 

The  distance  /  is  the  same  fraction  of  the 
wave  length  that  the  angle  0  is  of  a  complete 
cycle,  2ir.    That  is, 

2t'*X 


or 


e 


I 


(12) 

is  their 


The  resultant  of  OA   and  OC 
vector  sum, 

H^NMi^2(i-cos6)  (13) 

When  0  is  small,  i.  e.,  /  small  compared  with 
the  wave  length, 

ZJ 

my  rr'  ^  sin  0  =  0 

:Ji^NJtIx0  (14) 

Thus  the  radiated  magnetic  field  from  a  coil 
is  equal  to  the  field  from  one  side  of  the  coil 
multiplied  by  the  phase  angle  0  corresponding  to  the  distance  / 
between  the  sides  of  the  coil. 
From  (14)  and  (11), 

(15) 


Fio.  5. — Phase  relations  of 
magnetic  fields  radiated 
from  a  coil 


10      \d 


This  equation,  together  with  (12),  gives  identically  formula  (10) 
obtained  by  the  first  deduction. 

It  was  assumed  in  these  deductions  that  the  current  was  imi- 
form  throughout  the  coil.  If  the  distributed  capacity  of  the  coil 
is  appreciable  the  current  in  the  coil  will  be  different  at  different 
points.  Thus  the  current  in  the  middle  may  be  greater  than  at 
the  ends.  This  also  may  give  rise  to  radiation  from  the  coil,  but 
is  an  entirely  separate  phenomenon  from  the  phase  angle  between 
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the  two  sides  of  the  coil  which  has  been  discussed.  This  ques- 
tion of  distributed  capacity  requires  consideration  particularly 
when  coils  are  used  having  dimensions  comparable  with  the  wave 
length.  The  phenomenon  is  discussed  further  under  "Antenna 
effect'*  in  section  VI,  3,  below. 

3.  RECBIVED  CURRENT  IN  AN  ANTENNA 

The  cturent  flowing  in  the  receiving  aerial  circuit  when  the 
field  intensity  of  the  wave  traversing  the  aerial  is  known  can  be 
calculated  in  several  ways.  An  electromagnetic  wave  in  space  has 
both  an  electric  and  a  magnetic  field  intensity  which  are  at  right 
angles  to  each  other  and  to  the  direction  of  propagation  of  the 
wave.    The  two  field  intensities  are  related  to  each  other  by 

e=3oo.H  (16) 

where  C  is  in  volts  per  cm  and  H  in  gilberts  per  cm. 

The  following  additional  symbols  are  used  in  this  and  the  fol- 
lowing section: 

C  >-  electric  field  intensity. 

£i- electromotive-force  in  receiving  aerial. 

R  » resistance  of  receiving  aerial  circuit 

^  «  piagnetic  flux. 
First  Deduction. — ^The  electromotive  force,  and  thence  the  cur- 
rent, produced  in  an  antenna  may  be  calculated  from  the  prin- 
ciple that  relative  motion  of  a  magnetic  field  and  a  conductor 
create  an  electromotive  force  in  the  conductor  whose  vahie  is 

E-io-»Wfc  (17) 

when  the  directions  of  the  field,  the  motion,  and  the  conductor 
are  mutually  perpendicular,  hr  being  the  length  of  the  conductor 
and  c  the  velocity  of  relative  motion.  This  then  gives  the  emf 
in  an  antenna  of  height  ^r>  produced  by  an  electromagnetic  wave 
having  magnetic  field  intensity  H  and  traveling  with  the  velocity  c. 
In  ordinary  practice,  the  reactance  in  series  with  the  antenna 
is  varied  to  produce  resonance  to  the  frequency  of  the  incoming 
wave,  so  that 

^r-|  (18) 

Inserting  for  c  its  value,  3  X  io*»  m  equation  (17), 

/r-300.-^  (19) 
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This  is  the  current  in  amperes  received  in  a  flat-top  antenna, 
using  the  centimeter  as  the  imit  of  length,  with  resistance  of  circuit 
in  ohms,  and  the  magnetic  field  intensity  in  gilberts  per  cm. 

The  received  current  is  less  than  that  given  by  the  formula  if 
the  wave  is  damped,  since  an  tmdamped  alternating  field  was 
assumed  in  the  discussion.  For  a  damped  field  the  emf  acting  on 
the  aerial  is  similarly  damped  and  equation  (18)  does  not  hold. 
Correct  results  are  obtained  by  multiplying  the  right-hand  side 
of  formula  (19)  by  the  correction  factor  F,  obtained  as  follows: 

If  the  magnetic  field  intensity,  and  hence  the  emf,  has  the 
decrement  h\  the  effective  cturent  is  not  /t,  defined  by  (i8),  but 
another  value  which  we  shall  call  /^.  The  value  of  /p  may  be 
found  by  the  aid  of  the  generalized  definition  of  decrement  given 
in  the  author's  paper,  "The  Measurement  of  Radio-Frequency 
Resistance,  Phase  Difference,  and  Decrement"  (Proc.  I.  R.  E., 
vol.  7,  p.  27;  Feb.,  1919). 

For  decrements  smaller  than  about  0.2,  the  logarithmic  decre- 
ment is  one-half  the  ratio  of  the  average  energy  dissipated  per 
cycle  to  the  average  energy  associated  with  the  current  at  the 
maximum  of  the  cycle. 

Taking  the  average  power  as  -nr*  the  average  energy  dissipated 

E? 
per  cycle — ^*    The  average  energy  associated  with  the  cturent 

at  the  jmaximum  of  each  cycle  —  L  I^.  The  energy-ratio  defini- 
tion of  decrement  just  given  applies  to  the  sum  of  the  decrements 
dieting,  viz,  the  decrement  h^  of  the  emf  and  the  decrement  i  of 

R 
the  aerial  circuit.     The  value  of  J  is  — ry    Applying  the  decre- 

ment  definition: 

E? 


^4-8-     fR 
E*R 


2fLR^I,^ 
E'i 
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Prom  the  relation,  ^*"^r*, 


''  ^Vi^Ta^^n/i 


600.  L  8^ 


where  L  is  in  microhenries  and  X  is  in  meters. 

This  reduces  to  /p  «/,  when  5'  is  small  compared  with  3.  Thus 
in  the  particular  case  of  an  undamped  wave,  where  5'— o,  no 
correction  is  needed. 

Correct  results  are  obtained  from  eqtiation  (19)  for  any  damped 
wave  by  multiplying  its  right-hand  member  by  the  correction 
factor  F, ,  given  by  , 


*j"-t  /     ,  600.  J 


L  S'  (20) 

R\\ 

where  L  is  the  inductance  of  the  receiving  aerial  circuit  in  micro- 
henries and  X  is  wave  length  in  meters,  and  5'  is  the  logarithmic 
decrement  of  the  damped  wave  that  is  being  received. 

Second  Deduction, — The  same  formula  may  be  derived  from 
entirely  independent  consideration  of  the  electric  field  associated 
with  the  wave.  The  emf  between  two  points  in  space  is  the 
product  of  the  distance  between  them  by  the  electric  field  in- 
tensity along  the  line  joining  them.  Thus  the  emf  produced  in  a 
flat-top  antenna  is  C  times  the  height,  the  direction  of  C  being 
assumed  to  be  vertical. 

E^hre  (21) 

Inserting  the  value  of  C  from  (16)  and  dividing  by  the  resistance, 

/r-300.  -j^  (22) 

This  is  identically  the  same  formula  obtained  above  from  con- 
sideration of  the  magnetic  field. 

4.  RECEIVED  CURRENT  IN  A  COIL 

The  current  in  a  receiving  coil  aerial  can  be  calculated  in  a 
number  of  different  ways,  all  very  simple  and  all  giving  the  same 
result.  The  first  conception  which  will  be  presented  is  simply 
that  an  emf  is  produced  in  the  circuit  by  the  time  variation  of 
magnetic  flux  through  it. 

The  other  modes  of  calculation  involve  the  phase  angle  between 
the  two  vertical  sides  of  the  coil.     The  emf 's  acting  in  the  two 
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vertical  sides  are  eicactly  equal  and  oppose  each  other  in  pro- 
ducing a  current  around  the  circuit  when  the  plane  of  the  coil 
is  perpendicular  to  the  diieetioa  of  propagation  of  the  wave. 
When  the  coil  is  turned  in  any  other  direction,  however,  the  emf 's 
in  the  two  sides  are  not  exactly  opposite  in  phase,  because  of  the 
difference  in  time  required  for  the  field  to  be  propagated  to  one 
side  of  the  coil  and  to  the  other.  The  emf  can  be  calctdated 
either  from  the  elecrtic  or  the  magnetic  field,  as  in  the  discussion 
of  received  current  in  an  antenna.  The  resultant  e3nf  can  be 
found  either  from  the  algebraic  sum  of  the  instantaneous  emf 's 
in  the  two  vertical  sides  or  the  vector  sum  of  the  effective  emf 's. 
These  two  methods  are  used  in  the  second  and  third  deductions, 
respectively,  below. 

The  phase  angle  between  the  two  sides  of  the  coil  is  a  very 
different  thing  from  the  phenomenon  caused  by  the  distributed 
capacity  of  the  coil.  It  is  assmned  in  the  deductions  given  here 
that  the  current  is  uniform  in  all  parts  of  the  coil,  which  is  not 
true  when  the  distributed  capacity  is  appreciable.  Such  capacity 
is  large  in  coils  of  dimensions  comparable  with  the  wave  length, 
and  in  such  cases  consideration  must  be  given  to  the  separate 
and  additional  phenomenon  of  distributed  capacity. 

First  Deduction, — ^Assuming  that  the  dimensions  of  the  coil 
are  small  compared  with  the  wave  length,  the  magnetic  field 
intensity  is  practically  uniform  throughout  the  coil.  When  the 
plane  of  the  coil  is  parallel  to  the  direction  of  propagation  of  the 
wave,  the  emf  induced  in  the  coil  is 

E  —  ic^w^ 
Now, 

E 
Since  the  permeability  m  =  i»  and  ^r  =- ^  because  in  ordinary  prac- 
tice the  condenser  in  series  with  the  coil  aerial  is  adjusted  to 
produce  resonance  with  the  frequency  of  the  incoming  wave, 

_  JOfh  JohrlrNrH 


2TCIOr* 


R\ 


/,-6oo.x^!^  (23) 
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This  is  the  cun'ent  reodved  in  a  rectangular  coil  aerial  of  AT  turns, 
with  its  plane  parallel  to  the  direction  of  propagation  of  the  wave. 
The  units  are  international  units,  as  stated  under  formula  (19). 
No  image  is  assumed  in  the  ground,  so  the  formula  appUes  not 
only  to  a  receiving  coil  at  a  ground  or  ship  station,  but  also  tor  an 
airplane  direction  finder,  provided  the  airplane  is  not  flying  at  so 
great  a  height  that  the  field  of  the  wave  is  appreciably  different 
from  its  value  at  the  ground. 

There  are  two  correction  factors  that  may  need  to  be  applied 
to  this  formula,  both  of  which  make  the  result  smaller.  If  the 
wave  is  damped^  the  right-hand  side  of  the  formula  should  be 
multiplied  by  the  decrement  correction  factor  F,,  given  by  (20), 
the  same  as  for  a  receiving  antenna. 

When  the  plane  of  coil  is  in  some  direction  other  than  parallel 
to  the  direction  of  propagation  of  the  wave,  the  right-hafid  side 
of  formula  (23)  must  be  multiplied  by  the  direction  correction 
factor  Fj  given  by 

Fa=cosa  (24) 

where  a  is  the  angle  between  the  direction  of  propagation  of  the 
wave  and  the  plane  of  the  coil. 

Second  Deduction. — ^The  emf  produced  in  any  one  of  the  ver- 
tical wires  of  the  coil  is  given  by  either  equation  (17)  or  (21) 
above,  deduced  from  considerations  of  the  action  of  the  magnetic 
and  the  electric  field  intensity,  respectively.  Each  of  these 
equations  reduces  to 

El  =  300.hrH  (25) 

The  instantaneous  emf  in  either  of  the  two  vertical  sides  of  the 
coil  is  therefore 

The  instantaneous  emf  in  the  other  side  of  the  coil  is  produced 
by  the  magnetic  field  existing  in  the  wave  a  distance  /  away,  when 
the  plane  of  the  coil  is  parallel  to  the  direction  of  propagation  of 
the  wave.  This  emf  e"  has  the  same  direction  in  space,  but  the 
opposite  direction  as  far  as  producing  current  arotmd  the  circuit 
is  concerned. 


?"  «  —  ^OO.hrNrHoCOsU  t j 


The  resultant  emf  in  the  circuit  is  the  algebraic  sum  of  these 
two, 
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The  effective  value  of  the  resultant  emf  is 
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E  *«  600.  Ar^pHsin 


<al 


2C 


Since  when  the  angle  is  small,  that  is,  when  /  is  small  compared 
with  the  wave  length, 

ijil       I 


.  id 

Sm— —  — —ITr- 
2C      2C         A 


E  =  600.T 


IhlrNrH 


(26) 


A 


Dividing  by  R^  this  gives  the  identical  value  of  /,  obtained  in  (23) 
by  the  first  mode  of  deduction. 

Third  Deduction, — ^The  emf  produced  in  one 
of  the  sides  of  the  coil  is  Nt  Eu  where  from 
either  equation  (17)  or  (21)  above;  that  is,  from 
consideration  of  either  the  magnetic  or  the 
electric  field  intensity,  respectively, 

£1  -  3oo.hrH  (25)      >** 

If  the  two  vertical  sides  of  the  coil  coincided, 

the  emf 's  produced  in  them  would  be  equal 

and  exactly  neutralize  each  other,  as  shown  by 

the  lines  O  A  and  O  B,  Fig.  6.    But  since  the 

two  vertical  sides  are  separated  by  the  distance 

/,  at  any  instant  the  field  acting  on  one  side  of 

the  coil  has  traveled  a  distance  /  farther  than 

that  acting  on  the  other  side.     If,  then,  JV,  Ei 

is  the  emf  in  one  side  of  the  coil,  the  emf  in 

the  other  side  is  shifted  in  phase  from  the 

position  O  B  to  the  position  O  C  in  Fig.  6, 

where  the  angle  0  between*  them  is  the  phase   ^®-  ^•— ^*<w«  relations 

angle  between  the  values  of  the  field  a  distance      1 1!^^*^/"""^ 

^  tit  TKWOtHg  COti 

I  apart  in  the  wave. 

The  distance  I  is  the  same  fraction  of  the  wave  length  that  the 
angle  9  is  of  a  complete  cycle,  2ir;  that  is, 


JLJl 

2T      X 

The  resultant  oiO  A  and  0  C  is  their  vector  sum 


(27) 


E  - NfE^^a  (i  -cos  0). 


(28) 
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When  0  is  small;  i.  e.,  /  small  compared  with  X 

17 


NrE, 

..E^N^fi  (29) 

From  (25), 

E  =' 3oo.hrNtH0  (30) 

Thus  the  emf  acting  in  the  coil  is  equal  to  the  emf  in  one  side  of 
the  coil  multiplied  by  the  phase  angle  0  corresponding  to  the 
distance  /  between  the  sides  of  the  coil. 

Equations  (27)  and  (30)  combined  give  (26),  and  by  dividing 
by  R  formula  (23)  is  obtained. 

m.  DISCUSSION    OF    THEORY    OF    RADUTION    AITD 

RECEPTION 

1.  DISTINCTION  BETWEEN  INDnCTION  AND  RADIATION 

Certain  fallacies  which  have  appeared  in  textbooks  and  dis- 
cussions arise  from  insufficient  imderstanding  of  the  difference 
between  an  induction  field  and  a  radiation  field.  Such  fallacies 
are: 

(a)  An  "open"  circuit  can  radiate,  while  a  "closed"  circuit 
can  not. 

(6)  There  is  no  radiation  from  a  circuit  at  low  frequencies. 

(c)  Induction  and  radiation  are  the  same  phenomenon. 

Xd)  The  action  of  an  antenna  differs  from  that  of  a  coil  aerial 
in  that  the  former  is  due  to  electrostatic  fields  and  the  latter  to 
magnetic  fields. 

These  fallacies  will  now  be  discussed.  Fallacy  c  has  led  to  the 
supposition  that  the  radiation  and  reception  of  electric  waves  can 
be  taught  in  terms  of  transformer  action.  It  should  not  be  diffi- 
cult to  separate  the  two  ideas,  for  there  is  a  definite  and  clear  dis- 
tinction between  the  field  due  to  induction  and  that  due  to  radia- 
tion. The  total  magnetic  field  at  a  distance  d  from  a  radiating 
antenna  is»  from  equation  (5) 

^     10  M  ^10  d»  ^3U 

where  ;  indicates  that  the  two  terms  differ  in  phase  by  90^.  The 
first  term  represents  the  radiation  field  and  the  second  term  the 
induction  field.    The  fact  that  one  contains  Xi  in  the  denominator 
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while  the  other  contains  €p  makes  them  radically  different  in 
nature.  This  gives  the  mathematical  distinction  between  induc- 
tion and  radiation.  The  physical  difference  is  discussed  in  section 
3  below.  It  should  be  noted  that  the  word  "induction"  here 
means  not  the  production  of  an  emf ,  but  the  magnetic  induction, 
or  flux  per  cm>,  associated  with  a  circuit. 

The  radiation  field  becomes  relatively  more  important  than  the 
induction  fidd  as  the  distance  d  is  increased  or  as  the  wave 
length  is  diminished  (i.  e.,  the  frequency  increased).  The  ques- 
tion whether  radiation  or  induction  predominates  in  any  given 
case  can  be  settled  by  calculation  from  the  tormvila.  Thus,  the 
two  fields  are  equal  at  a  distance 

For  points  closer  to  the  antenna  than  this  the  induction  field  pre- 
dominates. For  pomts  farther  away  the  radiation  field  predominates 
and  the  induction  field  falls  off  rapidly  with  distance  and  becomes 
negligible. 

Certain  early  experiments  in  wireless  signalling  used  true  in- 
duction, e.  g.,  the  induction  telegraphy  of  Preece  and  of  Dolbear. 
When  higher  frequencies  were  used  by  later  experimenters,  sig- 
nals of  appreciable  streii^gth  were  received  at  distances  of  several 
wave  lengths.  These  were  genuine  radiation  signals,  now  com- 
monly called  radio. 

2.  IS  RADIATION  UMITBD  TO  mOfB  niQUBNCIBS? 

The  answer  to  this  should  be  obvious  from  formulas  (8)  and 
(10).  The  radiated  field  does  not  become  zero,  no  matter  how 
great  X  is.  For  alternating  current  of  any  frequency,  no  matter 
how  low,  radiation  takes  place  from  the  circuit.  To  be  sx^e,  the 
radiation  is  greater  the  higher  the  frequency,  so  that  high-fre- 
quency circuits  are  better  radiators  than  low-frequency  ones,  and 
this  is  all  the  basis  there  is  for  the  mistaken  idea  that  only  high- 
frequency  circuits  radiate. 

This  applies  to  radiation  from  a  coil  as  well  as  from  an.  antenna. 
It  has  sometimes  been  stated  that  a  coil  will  not  radiate,  the  state- 
ment being  put  in  the  form  that  only  "open"  circuits  radiate. 
The  statement  is  doubly  faulty  since  electricity  can  flow  only  in 
closed  circuits.  The  meaning  intended  by  "open"  circuit  is  a 
circuit  containing  a  condenser  of  open  form;  that  is,  with  two 
plates  well  separated.  There  are  two  misconceptions  at  the  base 
of  the  beKef  that  a  "  closed  "  circuit  or  one  not  containing  a  con- 
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denser  would  not  radiate.  In  the  first  place,  some  have  doubt- 
less thought  that  waves  would  be  started  in  the  ether  only  by  an 
electrostatic  disturbance  and  thus  could  not  be  produced  by  a 
metallically  closed  circuit.  Or,  supposing  it  was  understood  that 
a  magnetic  disturbance  in  the  ether  would  send  out  a  wave  just 
as  readily  as  an  electrostatic  disturbance,  it  may  have  been  thought 
that  the  radiation  from  one  side  of  the  circuit  would  be  neutralized 
from  that  from  the  opposite  side.  As  has  already  been  shown  in 
this  paper  the  two  disturbances  do  not  exactly  neutralize  each 
other,  on  account  of  the  finite  time  of  propagation  from  one  side 
of  the  circuit  to  the  other,  and  the  restdtant  is  what  gives  rise  to 
the  radiation  from  a  metallically  closed  circuit. 

3.  BQUIVALENCE  OF  ELBCTROSTATIC  AND  MAGIIBTIC  FIELDS  Df  A  WAVE 

The  physical  distinctions  between  radiation  and  induction  are 
(a)  the  latter  can  be  fixed  in  space  and  the  former  xnoves  through 
space  with  the  velocity  of  light,  and  (b)  in  the  case  of  radiation 
the  magnetic  field  is  always  accompanied  by  an  electrostatic,  field 
of  value 

e-300.     H  (16) 

and  vice  versa,  whereas  in  the  case  of  induction  there  is  no  fixed 
relation.  It  is  of  course  true  that  whenever  magnetic  induction 
varies  an  electrostatic  field  is  produced,  and  similarly  whenever 
electrostatic  induction  varies  a  magnetic  field  is  produced.  But 
it  is  only  in  a  radiated  wave  that  these  variations  take  place  in 
such  a  way  that  one  can  be  calctdated  from  the  other  by  the  fixed 
relation  (16).  When  there  is  a  fixed  electrostatic  field  associated 
with  a  circuit  which  does  not  vary,  the  magnetic  field  associated 
with  this  electrostatic  field  is  zero,  and  vice  versa. 

In  a  radiated  wave,  then,  the  electrostatic  and  magnetic  field 
are  no  longer  independent  phenomena  but  are  strictly  equivalent. 
Indeed,  they  are  but  two  aspects  of  the  same  thing.  Perhaps 
this  will  be  clearer  from  the  analogy  of  a  sound  wave.  In  a 
mechanical  apparatus,  elastic  action  and  inertia  act  independently 
in  various  parts  of  the  apparatus.  In  a  sotmd  wave,  however, 
the  effects  of  elastic  action  and  inertia  are  mutual  parts  of  a  single 
phenomenon,  the  sound  wave. 

It  is  possible  to  separate  the  electrostatic  and  magnetic  induction 
fields  associated  with  a  circuit  by  an  arrangement  of  magnetic 
shields,  but  the  electrostatic  and  magnetic  fields  in  a  radiated  wave 
can  not  be  separated.     (This  should  not  be  confused  with  thesepa- 
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nttoQ  ol  aiit<enim  effect  and  coil  effect  discussed  in  Sec.  VI,  3,  below, 
under  "Antenna  Effect") 

In  considering  any  effect  of  the  electromagnetic  wave,  it  is 
equally  permissible  to  consider  the  electrostatic  or  the  niagnetic 
field  associated  with  the  wave.  They  are  equivalent  and  lead  to 
the  same  result.  This  has  been  amply  demonstrated  above  in 
this  paper.  The  current  received  in  an  antenna,  calculated  from 
the  electrostatic  field,  was  exactly  the  same  as  calculated  from 
the  magnetic  field.  The  same  agreement  was  f otmd  for  the  coil 
aerial.  This  disposes  of  the  question  whether  the  current  produced 
in  an  antenna  or  a  coil  aerial  is  caused  by  the  electrostatic  or  the 
magnetic  field  present  in  the  wave  or  both. 

Complete  discussions  of  electromagnetic  waves  are  given  in 
such  treatises  as  Maxwell,  ''Electricity  and  Magnetism,''  1873; 
Jeans,  " Electricity  and  Magnetism/'  1907;  Locentz,  "The  Theory 
of  Electrons,"  1909. 

4.  WHAT  RADUnOJK  IS 

It  has  been  shown  that  radiation  differs  from  induction  by  a 
definitely  calculable  amount,  that  either  kind  of  circuit  radiates 
at  any  frequency,  that  there  are  both  ah  electrostatic  and  a  mag- 
netic field  present  in  every  wave,  haying  a  constant  ratio,  and 
that  any  effect  of  the  wave  may  be  considered  as  due  either  to 
the  electrostatic  or  the  magnetic  field  of  the  wave. 

Radiation  is  the  moving  disturbance  of  the  ether,  the  energy 
associated  with  which  does  not  return  to  the  radiator. 

This  conception  leads  to  more  correct  ideas  than  are  current  on 
the  mechanism  of  radiation  from  an  antenna  and  permits  explana- 
tion of  the  radiation  from  a  coil  aerial,  which  is  not  covered  at  all 
by  the  usual  explanations  of  radiation  in  textbooks.  Such  ex- 
planations have  led  to  the  impression  that  the  radiation  largely 
depends  on  the  form  of  the  electrostatic  lines  of  force  which  are 
present*at  the  edges  of  the  radiator.  It  might  thus  be  supposed 
that  in  a  flat-top  antenna  or  a  condenser  aerial  the  current  in  the 
central  portions  of  the  condenser  was  not  effective  in  causing 
radiation  while  only  that  which  spread  into  the  surrounding  space 
from  the  edges  was  effective.  This  appears  incorrect.  If  it  were 
correct,  the  builders  of  long  flat-top  antennas  must  have  wasted 
a  great  deal  of  wire.  All  of  the  dielectric  current  sends  a  moving 
disturbance  out  into  the  ether.  The  portion  of  the  energy  asso- 
ciated with  this  disturbance  that  does  not  rettun  to  the  radiator 
is  that  connected  with  the  first  term  of  equation  (31).    In  this 
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term  the  total  antenna  current  appears.  The  radiation  is  the 
moving  disturbance  caused  by  the  whole  of  the  current  which 
the  antenna  makes  flow  in  the  dielectric. 

The  ordinary  treatment  of  the  mechanism  of  radiation  from  an 
nnfi^tiTia  is  misleading  also,  because  it  deals  with  radiation  at  the 
fundamental  wave  length.  In  practice  antennae  are  usually 
loaded.  The  radiation  depends  in  no  degree  whatsoever  on  the 
value  or  location  of  any  of  the  field  lines  attached  to  the  aerial, 
but  only  on  the  variation  of  the  lines.  And  aU  the  lines  when 
varying  give  rise  to  radiation.  Thus  the  stationary  field  is  given 
by  the  second  term  of  formula  (31),  the  first  is  the  radiation  term, 
and  they  are  independent. 

IV.  COMPARISON  FORMULAS 
1.  DERIVAHOK  irom  thborstical  vorxdlas 

Formulas  are  here  derived  to  answer  the  practical  question  of 
how  far  a  given  coil  wiU  send  or  receive  in  comparison  with  a  given 
antenna.  The  formulas  also  answer  such  questions  as  the  length 
of  a  coil  aerial  required  to  give  a  particular  ratio  of  performance 
of  coil  and  antenna. 

The  ratio  of  the  magnetic  field  radiated  from  a  coil  to  that  from 
an  antenna,  for  a  given  sending  current,  distance,  wave  length,  and 
height,  is  obtained  from  equation  (13).  The  ratio  of  the  distance 
from  a  coil*  to  that  from  an  antenna,  at  which  a  given  magnetic 
field  is  produced,  is  the  same  as  the  ratio  of  the  magnetic  field 
produced  by  a  coil  to  that  produced  by  an  antenna  at  a  given  dis- 
tance. Either  ratio  is,  therefore,  given  by  the  following  expres- 
sion, which  assumes  the  same  cturent  /.,  wave  length  X,  and  height 
As,  for  the  coil  and  the  antenna. 

T-^ri/2  (i-cosfi) 
Inserting  the  value  of  9  and  neglecting  the  subscript  s. 


^  =Ny  2  ^i  -cos  2T  ^  (32) 

When  the  length  of  the  coil  /  is  small  compared  to  X  (i.  e.,  for 
most  nractical  purposes,  less  than  o. i  X) ,  this  simplifies  to 


^-6.28  Ni  (33) 
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This  could  have  been  deduced  directly  from  (8)  and  (10).  The 
expression  is  similarly  deduced  for  comparison  of  the  distances 
obtained  with  a  coil  and  an  antenna  of  different  heights, 

*-6.,8W^»^  (34) 

The  length  of  a  coil  required  to  give  a  particular  ratio  of  per- 
formance to  an  antenna  is  given  by  solving  these  formulas  for  /. 
From  (32), 

'-Tr-^i'-jwli])  (35) 

When  the  length  of  the  coil  is  small  compared  to  X,  the  simpler 
formula  suffices. 

The  relative  distances  at  which  an  antenna  or  a  coil  will  receive 
a  given  wave  are  given  by  the  same  identical  expressions  that 
have  just  been  deduced  for  sending  aerials.  Thus  formula  (32) 
may  be  deduced  from  (28)  and  (33)  from  (19)  and  (23).  They 
give  the  ratio  of  the  distance  from  the  source  at  which  a  given 
emf  will  be  produced  in  a  coil  aerial  to  that  in  an  antenna,  assum- 
ing the  same  height  A,  and  wave  length  X  for  the  coil  and  the 
antenna.  They  also  give  the  ratio  of  the  emf  produced  in  a  coil 
to  that  in  an  antenna  for  a  given  value  of  magnetic  field  intensity, 
or  the  ratio  of  currents  when  the  resistances  and  other  quan- 
tities are  the  same  in  coil  and  antenna.  Equations  (34),  (35), 
^^d  (36)  similarly  hold  for  receiving  as  well  as  sending  aerials. 
For  comparison  of  current  in  a  coil  and  an  antenna  of  different 
resistances  as  well  as  different  heights 

The  relative  distances  of.  transmission  between  two  coil  aerials 
and  between  two  antennas,  for  a  given  sending  current,  is  sim- 
ilarly found  from  equations  (8),  (10),  (19),  and  (23).  The  ratio 
of  received  cturent  for  coils  and  antennas  the  same  distance  apart 
is  given  by  the  same  formula,  which  assumes  the  same  sending 
current  /,  and  wave  length  X  for  the  pair  of  coils  as  for  the  pair 
of  antennas. 

da.  "39.5  — xi—  ^hj^^  R^  (38) 

ia4143*>— 19 4 
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All  of  these  formulas  assume  that  the  decrement  correction 
factor  F)  is  the  same  for  coil  and  antenna  in  all  cases.  If  waves 
of  differing  decrement  are  used,  apply  the  factor  F,  as  stated  in 
connection  with  (20).  If  the  plane  of  the  coil  considered  is  not 
parallel  to  the  direction  of  propagation  of  the  wave,  apply  the 
factor,  cos  a,  as  stated  in  connection  with  (24) . 

2.  EZAMPIBS  OF  COMPARISON  OF  COIL  AND  AlTIBIIlf  A 

What  is  the  length  of  the  coil,  either  as  sender  or  receiver, 
equivalent  to  an  antenna  of  the  same  height?    The  answer  is 

given  by  (36).    For  ^-"i» 

/"0.i6oj^  (39) 

This  is  the  correct  length  except  for  a  single-turn  coil.  When 
iV  =  I  the  more  exact  formula  (35)  must  be  used.  This  gives,  for 
the  equivalent  coil, 

'-^ 

Thus  a  single-ttim  coil  of  length  %  the  wave  length  is  equivalent 
to  an  antenna  of  the  same  height.  For  a  coil  of  8  turns,  however, 
the  length  of  the  coil  equivalent  to  an  antenna  of  the  same  height 
is,  from  (39),  0.02  of  the  wave  length. 

When  the  lengtb  of  the  coil  is  small  compared  with  the  wave 
length — that  is,  as  already  stated,  when  I  is  less  than  about  o.  i  X — ^the 
performance  ratio  is  given  by  (33).  For  a  length  greater  than 
o.i  X,  however,  the  more  accurate  formula  (32)  must  be  used. 
Thus,  when  the  length  is  exactly  H  of  a  wave  length,  from  (32), 

Thus  any  coil  of  length  %  the  wave  length  is  equivalent  to  an 
antenna  of  N  times  the  height  of  the  coil.  When  the  length 
of  the  coil  is  one-quarter  wave  length,  similarly 

For  a  coil  of  length  equal  to  one-half  the  wave  length, 

J-  — 2  N 
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This  is  the  mayimiim  or  best  perfonnaiice  for  a  coil  aerial.  If 
the  length  is  increased  beyond  one-half  wave  length,  the  perform- 
ance ratio  decreases,  and  at  / =X  it  is  equal  to  o  just  the  same  as 
for /=o. 

These  values  of  the  performance  ratio  of  a  coil  aerial  are  obvious 
from  Fig.  5  or  6. 

These  comparisons  all  apply  to  either  transmitting  or  receiving 
aerials.  They  asstmie,  however,  in  the  case  of  a  transmitting 
antenna  or  coil,  that  the  same  current  flows,  and,  when  applied  to 
receiving  aerials,  that  the  resistance  is  the  same,  in  either  coil 
or  antenna.  As  a  matter  of  fact,  however,  it  is  easy  to  secure 
a  considerably  lower  resistance  in  a  coil  aerial  circuit  than  in 

an  antenna  circuit.    This  is  taken  account  of  by  the  factor  -^ 

as  in  (37)  and  (38).  The  difference  in  current  in  a  transmitting 
coil  and  antenna  is  taken  account  of  by  multiplying  the  right-hand 

members  of  (32)  and  (33)  by  the  ratio  of  the  sending  currents  y' 

On  this  account  a  coil  is  sometimes  a  more  effective  radiating 
or  receiving  device  than  an  antenna  of  considerably  greater  dimen- 
sions. 

The  comparison  formulas  and  conclusions  drawn  from  them  are 
subject  to  the  same  errors  as  the  transmission  formulas,  as  dis- 
cussed in  Section  V,  2.  below. 

3.  THE  CONDENSER  AERIAL 

Since  the  dimensions  of  a  coil  aerial  which  would  give  the 

same  performance  as  a  given  antenna  are  a  length  equal  to  -j^ 

times  the  wave  length  and  a  height  equal  to  the  antenna  height, 
rather  large  structures  are  required.  For  example,  a  flat-top 
antenna  30  m  above  the  ground  operating  on  a  600  m  wave  is 
equivalent  to  a  4-tum  coil  24  m  long  by  30  m  high.  The  dimen- 
sions of  the  equivalent  coil  are  thus  of  the  same  order  as  the  dimen- 
sions of  the  antenna. 

It  is  possible  to  escape  from  the  apparent  necessity  of  large 
structures  for  effective  radio  transmission  and  reception  in  two 
ways.  First,  the  coil  aerial  can  easily  be  made  to  have  a  lower 
resistance  than  the  antennas  ordinarily  used,  and  its  size  reduced 
in  proportion  to  the  reduction  of  resistance.  This  is  mainly  be- 
cause the  condenser  used  in  the  coil  aerial  circuit  can  be  one  having 
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practically  no  resistance  while  the  condenser  consisting  of  antenna 
and  ground  has  a  large  resistance.  Thus  by  due  attention  to  the 
minimizing  of  resistance  in  its  circuit,  the  coil  aerial  may  be  of 
small  dimensions  and  yet  highly  effective.  The  size  may,  of 
course,  be  reduced  also  in  proportion  as  the  number  of  turns  is 
increased. 

It  is  equally  possible  to  avoid  an  aerial  of  large  dimensions 
without  having  recourse  to  a  coil  aerial.  The  alternative  is  to 
use  the  antenna  principle,  but  use  a  special  construction  of  much 
lower  height.  At  first  sight  it  would  appear  that  this  would  make 
a  poorer  antenna,  since  the  effectiveness  is  proportional  to  the 
height,  according  to  either  (8)  or  (19).  And  this  is  true  if  the 
antenna  is  merely  lowered  a  moderate  amount.  Such  lowering  in- 
creases the  capacity  only  very  slightly,  not  nearly  in  proportion 
to  the  decrease  in  height.  In  order  to  sectu-e  an  appreciable  gain 
it  is  necessary  to  have  the  height  very  small  and  use  a  special 
construction  to  reduce  the  resistance  as  much  as  possible.  A 
good  method  is  to  replace  the  ordinary  antenna-grotmd  structure 
in  which  the  antenna  is  one  plate  of  a  condenser  and  the  grotmd 
the  other  plate,  by  an  aerial  consisting  of  two  horizontal  metal 
condenser  plates.  This  may  be  called  a  "  condenser  aerial.'*  The 
formulas  derived  for  antennas  apply  to  it. 

Such  an  aerial  has  lower  conductor  resistance  than  the  ordinary 
antenna,  and  since  it  has  greater  capacity  a  smaller  inductance 
will  be  used  in  series  with  it  which  will  also  have  smaller  resistance 
and  thus  reduce  the  resistance  of  the  circtiit.  Furthermore,  the 
resistance  of  an  antenna  largely  arises  from  the  imperfect  dielec- 
trics, such  as  vegetation,  buildings,  and  poor  insulators,  present 
in  its  field  (as  shown  in  Scientific  Paper  of  the  Bureau  of  Standards, 
No.  269,  by  J.  M.  Miller),  and  the  resistance  from  the  grotmding 
wires  to  grotmd.  These  can  be  eliminated  in  a  condenser  aerial. 
Finally,  then,  the  resistance  of  the  aerial  circuit  can  be  reduced 
to  more  than  compensate  for  the  reduction  in  height.  This  will 
result  in  a  larger  current  /,  in  formula  (19),  or  in  a  larger  H  in 
formula  (8) ,  because  of  the  increase  of  the  sending  current. 

The  advantage  of  the  very  low  antenna  has  been  observed  in 
the  experiments  of  Eliebitz^  and  others  on  so-called  earth 
antennas.  It  is  probable  that  still  greater  advantages  would 
be  obtained  by  the  condenser  aerial  as  here  described.  The  special 
construction  required  to  eliminate  dielectric  loss  would  involve 
making  the  lower  plate  considerably  wider  and  longer  than  the 

1  Barthed  antennas,  Kiebitx,  Ann.,  88*  p.  94 f  19x0:  Blcc.  68,  p.  868, 19x9. 
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upper  plate,  or  else  having  both  plates  a  considerable  distance 
above  the  ground,  and  keepmg  the  space  between  the  plates  free 
from  poor  dielectrics.  An  aerial  consisting  of  a  pair  of  metal 
plates  elevated  from  the  ground  was  used,  described  by  Oliver  Lodge 
in  1897,  and  again  by  Lodge  and  Muirhead  (Proc.  Royal  Soc., 
vol.  82,  p.  227,  1909),  who  found  that  it  worked  best  without 
being  grounded.  The  author  is  informed  that  the  same  sort  of 
an  aerial  has  recently  been  tried  on  airplanes,  using  the  upper  and 
lower  planes  as  the  condenser  plates.  Such  an  aerial  would  be 
ideal  for  airplanes  if  the  space  between  could  be  kept  free  from 
poor  dielictrics.  If  the  plates  of  the  condenser  aerial  have  their 
length  aad  width  approximately  equal,  the  aerial  radiates  in  all 
directions.  If  a  long  narrow  condenser  is  used  it  would  probably 
be  very  directional,  both  as  a  transmitting  and  receiving  device. 
Such  a  condenser  might  consist  of  a  pair  of  parallel  wires,  which 
would  be  a  considerable  improvement  on  the  ground  antenna. 

An  example  will  make  dear  how  the  size  of  the  condenser  aerial 
compares  with  other  aerials.  It  was  found  above  that  an  stnff^nm^ 
30  m  high  was  equivalent  to  a  4-tum  coil  24  m  long  by  30  m 
high,  both  operating  on  a  600  m  wave  and  with  circuits  of  the 
same  resistance.  For  the  same  wave  length  and  with  an  induct- 
ance of  100  microhenries,  in  series,  the  capacity  of  a  condenser 
aerial  would  need  to  be  0.00102  microfarad,  which  would  be  given 
by  a  pair  of  square  plates  i  ;n  apart  and  10.7  m  on  a  side.  The 
height  is  thus  reduced  in  the  ratio  of  about  25  to  i,  and  the  hori- 
zontal dimensions  3  to  I  in  comparison  with  the  coil  aerial. 

The  aerial  can  be  made  as  small  95  desired.  If  a  given  coil 
is  to  be  used  in  series,  the  capacity  of  the  aerial  is  xnaintained 
constant  by  reducing  the  distance  between  the  plates  when  the  area 
of  the  plates  is  reduced.  The  author  made  some  interesting  ex- 
periments with  a  small  condenser  aerial  as  a  receiving  device,  used 
inside  the  laboratory  with  no  ground  connection.  The  plates  con- 
sisted of  copper  netting.  The  top  plate  was  250  cm  square  and  the 
distance  between  them  was  15  cm.  The  signals  received,  with 
either  a  crystal  detector  or  electron  tube,  were  roughly  of  the  same 
intensity  as  those  received  with  a  simple  coil  aerial  of  the  type  and 
size  ordinarily  used  as  a  direction  finder.  • 

The  indication  of  absolute  direction  of  propagation  of  the  waves 
as  well  as  the  line  of  propagation,  which  has  been  developed  by 
workers  in  Prance  and  elsewhere,  using  combinations  of  ordinary 
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antenna  and  coil  aerials,  was  observed  in  the  experiments  on  the 
condenser  aerial.  An  inductance  coil  of  rather  lai^e  dimen^ons 
used  in  series  with  the  condenser  acted  as  a  receiving  aerial. 
As  this  coil  was  rotated  the  signal  varied  from  maximuni  in  one. 
angular  position  to  zero  in  a  position  180^  from  the  first  position; 
whereas  the  angular  positions  corresponding  to  maximum  signal 
and  to  zero  signal  would  be  90^  apart  in  the  case  of  a  coil  aerial 
independent  of  any  antenna  action.  Apparently  the  action  of  the 
condenser  aerial  reinforced  that  of  the  cofl  in  one  position  and  neu- 
tralized it  in  the  opposite  position.  When  the  connections  to  the 
coil  were  interchanged,  the  effect  shifted  180^.  Reversing  the  con- 
nections of  the  coil  reverses  the  emf  in  the  coil,  £,  in  Fig.  6,  just 
as  a  reversal  of  the  direction  of  the  wave  would  do,  whereas  the 
direction  of  the  emf  in  the  antenna  or  condenser  aerial  is  un- 
changed. The  reason  why  the  condenser  emf  can  neutralize 
the  coil  emf  is  probably  that  the  capacity  of  the  coil  introduces 
different  values  of  reactance  to  the  two  emf 's.  Thus  when  the 
circuit  is  tuned  for  one  of  these  emf 's  the  currents  due  to  the 
two  differ  90^  in  phase.  This  phase  angle  may  be  shifted  180° 
by  a  very  slight  variation  of  the  reactance  of  the  circuit.  Be- 
cause of  this,  systems  for  determining  the  absolute  direction  of 
radio  waves  require  very  delicate  adjustment. 

The  ordinary  laboratory  type  of  condenser  used  in  radio  cir- 
cuits does  not  function  as  a  condenser  aerial.  This  is  because 
the  interleaving  of  the  plates  results  in  the  cturent in  each  portion 
of  the  dielectric  being  balanced  by  the  cturent  in  a  neighboring 
portion.  This  is  discussed  further  below  in  Section  VI,  3,  and 
illustrated  in  Pig.  17. 
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V.  TRANSMISSION  FORMULAS 

1.  STATEMENT  OF  FORMULAS 

The  current  received  in  any  aerial  may  be  calculated  in  terms 
of  the  current  in  any  transmitting  aerial,  either  antenna  or  coil, 
by  the  following  f oiu-  formulas.  They  are  derived  by  combining 
equations  (8),  (10),  (19),  and  (23).  The  S3rmbols  are  as  previ- 
ously given,  also  stated  in  the  Appendix  below. 

Antenna  to  antenna: 

r        188.      kJhJm  i      V 


Antenna  to  coil: 


^»- v^iJA (41) 


RK^d 


Coil  to  antenna: 


-''" v^^Jl (42) 


R\'d 


Coil  to  coQ: 


.        7450.      Tl^nhrlrNJ^rl.  .      v 

^' R^d  (+3) 


The  formula  (40)  has  existed  heretofore  in  various  forms.  The 
formulas  here  given  generalize  the  antenna-to-antenna  formula,  so 
that  calculations  can  be  made  for  any  kinds  of  aerials. 

The  lengths  in  these  formulas  may  be  in  any  units,  provided 
the  same  unit  is  used  for  all  the  lengths.  The  meter  is  usually 
the  most  convenient  unit.  If  the  heights  and  wave  length  are  in 
meters  and  the  distance  d  in  miles,  the  four  constants  in  the  four 
formulas  become,  respectively,  0.117,  0.736,  0.736,  and  4.63. 

To  calculate  the  distance  at  which  a  given  current  will  be 
received,  as  when  a  particular  receiving  arrangement  is  specified, 
the  formulas  may  be  stated  explicitly  for  d.  /,  and  d  are  inter- 
changed in  each  formula.  For  example,  the  formula  for  antenna- 
to-coil  (41)  becomes 

.     1 1 84.     hJhkNrlB  .. 
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All  of  these  transmission  formulas  are  for  da3rtime  trans- 
mission. Greater  values  are  obtained  at  night,  probably  because 
the  waves  are  reinforced  by  reflection  from  ionized  layers  of  the 
upper  atmosphere,  which  are  broken  up  by  sunlight  in  the  day- 
time. The  formulas  are  all  subject  to  correction  factors  for  dis- 
tance and  for  decrement.  If  the  distance  is  very  great  (in 
ordinary  cases,  over  100  kilometers),  the  right-hand  side  of  the 
formula  should  be  multiplied  by  the  correction  factor  F^.  The 
value  given  below  for  Fi  is  for  transmission  over  sea  water.  Its 
value  for  transmission  over  land  would  be  greater.  If  damped 
waves  are  used,  the  correction  factor  F,  should  be  similarly 
applied.  Futhermore,  if  the  plane  of  the  receiving  coil  is  not 
parallel  to  the  direction  of  propagation  of  the  wave,  the  correc- 
tion factor  F3  must  be  similarly  applied  to  formulas  (41)  and 
(43)  and  related  formulas,  such  as  (44).  In  formulas  (42)  and 
(43)  the  direction  of  the  wave  is  taken  to  be  that  of  the  plane  of 
the  transmitting  coil.     The  three  correction  factors  are: 

^^„^-o.opoa47-^  (9) 


/     ^ 

\^-%        ,  600.     Ld^ 


Fj « ^  /     ,  600.    Li^  (20) 


F, «  cos  a  (24) 

All  of  the  correction  factors  make  the  residtant  numerical  values 
smaller. 

2.  DISCUSSION  OF  TRANSMISSION  FORMULAS 

The  power  in  which  the  wave  length  appears  in  the  denominator 
is  different  in  the  several  formulas.  Thus  when  a  coil  aerial  is  used 
for  both  transmitter  and  receiver  the  received  current  is  inversely 
proportional  to  the  cube  of  the  wave  length.  Thus  transmission 
between  coils  is  better  the  shorter  the  wave  length.  This  advan- 
tage of  coils  at  short  wave  lengths  applies  only  for  short-distance 
transmission.  When  the  distance  is  hundreds  or  thousands  of 
kilometers,  the  increased  absorption  of  the  waves  makes  the  cor- 
rection factor  F|  so  great  that  short  waves  are  impractical.  So 
for  long  distances  the  comparison  favors  the  antenna  rather  than 
the  coil.  The  coil  compares  most  favorably  with  the  antenna, 
then,  for  transmission  over  short  distances  with  very  short  waves. 
This  is  subject  to  the  proviso  that  current  of  the  same  order  of 
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magnitude  caa  be  put  into  a  transmitting  coil  aerial  as  into  . 
an  antenna,  or  that  the  resistance  of  a  receiving  coil  is  the  same 
as  that  of  a  receiving  antenna.  Neither  of  these  assumptions  is 
wholly  fulfilled,  in  practice,  with  the  result  that  the  difference 
of  applicability  of  the  two  kinds  of  aerials  at  long  and  short  wave 
lengths  is  less  marked.  (For  additional  comparisons  of  antennas 
and  coils  and  further  discussion,  see  Section  IV  above.) 

Limitations  of  Formulas. — ^The  formulas  can  not  be  expected 
to  give  results  of  great  accturacy,  certainly  not  better  than  a  few 
per  cent,  because  of  the  ideal  conditions  assumed  in  their  deriva- 
tion. Thus  it  is  assumed  that  no  image  of  the  aerial  exists  in 
the  grotmd  beneath  it;  that  is,  the  ground  is  not  perfect  as  a  con- 
ductor. As  a  matter  of  fact,  the  ground  varies  greatly  in  con- 
ductivity, and  while  in  most  cases  the  currents  induced  in  the 
grotmd  below  a  transmitting  or  receiving  aerial  probably  have 
very  little  effect,  these  ctuxents  tnay  be  appreciable  in  some  cases. 
This  is  discussed  further  below  tmder  "  Height  of  Aerial." 

On  account  of  the  uncertainty  introduced  by  the  ground,  the 
formulas  may  apply  better  to  airplane  aerials  than  to  those  on 
ships  or  on  land.  It  is  well  known,  however,  that  radio  signals  are 
fainter  on  an  airplane  than  on  the  ground.  It  is  not  known  to 
what  extent  this  is  due  to  (i )  the  diminution  of  intensity  vertically 
of  waves  sliding  along  the  ground,  (2)  electrical  disturbances  from 
the  ignition  S3P^tem  of  the  engine,  and  (3)  the  tmavoidable  noises 
on  an  airplane. 

In  transmission  over  great  distances,  particularly  at  night,  radio 
waves  are  reinforced  by  reflection  from  the  upper  conducting  strata 
of  the  atmosphere.  This  tendsrto  increase  the  current  in  a  receiving 
aerial.  The  theory  of  this  effect  is  treated  in  an  article  by  G.  N. 
Watson  (Proc.  Royal  Soc.,  vol.  95,  p.  546;  1919). 

There  are  other  sources  of  uncertainty  in  the  application  of 
these  formulas.  An  antenna  does  not  form  a  flat-plate  condenser 
with  the  ground  of  such  form  that  the  curving  of  the  field  at  the 
edges  can  be  neglected.  The  simple  method  of  calculating  the 
radiated  field  is  thus  in  doubt.  Similarly,  in  the  case  of  a  radiat- 
ing coil,  the  field  from  the  top  and  bottom  of  the  coil  may  have 
some  effect  at  a  distance,  which  has  not  here  been  taken  into 
accotmt.  It  is  not  certain  with  how  great  propriety  the  earth's 
surface  can  be  taken  to  be  equivalent  to  the  equatorial  plane  of 
the  radiating  aerial.  Frequently  radio  waves  have  a  wave  front 
that  is  tilted  and  not  perpendicular  to  the  earth's  surface,  as 
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assumed  in  the  calculation  of  received  current.  Purthertnorey 
the  formulas  assumed  uniform  current  throughout  the  aerial, 
which  sometimes  does  not  hold,  because  the  antenna  may  have 
a  vertical  portion  of  appreciable  capacity  or  the  coil  may  have 
rather  large  distributed  capacity.  Calctdations  involving  coil 
aerials  are  subject  to  the  additional  uncertainty  arising  from  the 
capacity  of  the  coil  to  ground  or  the  surroundings  so  that  it  acts 
like  an  antenna  as  well  as  a  coil.  This  is  discussed  under  "An- 
tenna Effect"  in  Section  VI,  3.  Another  difficulty  discussed  in 
the  same  section  is  the  effects  of  sturounding  objects. 

With  these  departures  in  the  action  of  the  aerials  and  the 
behavior  of  the  waves  from  the  conditions  assumed,  it  is  impossi- 
ble to  calculate  received  currents  with  great  accuracy.  It  is 
almost  surprising  that  the  experimental  results  check  the  for- 
mulas as  closely  as  shown  in  Section  VI,  2,  below. 

Height  of  Aerial. — The  value  used  for  h  is  the  length  of  the 
vertical  side  of  a  coil  aerial,  the  distance  from  the  surface  of  the 
ground  to  the  flat  top  of  an  antenna,  or  the  vertical  distance 
between  the  two  flat  plates  of  a  condenser  aerial.  In  previous 
discussions  it  has  been  assumed  that  the  grotmd  beneath  an 
antenna  was  a  perfect  conductor  and  thus  the  height  of  the  radia- 
tor was  twice  the  value  of  the  h  defined  here.  Experiment, 
however,  corroborates  the  view  here  taken,  which  assumes  that 
the  radiating  structure  is  independent  of  the  earth,  the  waves 
becoming  attached  to  the  earth  soon  after  leaving  the  antenna. 
In  the  present  state  of  our  knowledge  the  most  satisfactory  con- 
ception is  that  the  radiating  structure  is  the  actual  structure 
above  the  ground  level.  (Questiaas  of  the  conductivity  of  the 
ground,  presence  of  earth  currents,  etc.,  near  the  radiating  aerial, 
are  expressly  not  considered.) 

Austin's  empirical  formula'  for  antenna-to-antenna  trans- 
mission is  equation  (40)  with  a  constant  twice  as  great,  and 
quantities  h^  and  h^  used  instead  of  A.  and  hr.  These  quantities 
Aj  and  A,  are  the  **  height  to  the  center  of  capacity  "  of  the  trans- 
mitting and  receiving  antenna,  respectively.  This  height  is  not 
defined,  but  its  value  for  any  particular  antenna  is  the  value  that 
is  required  to  make  experimental  results  fit  the  formula.  Now,  as 
has  been  stated,  such  experiments  as  have  been  performed  agree 
in  general  with  formula  (40).  For  instance,  see  the  first  two 
examples  in  Section  VI,  2,  below.     It  must  follow,  since  the 
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constant  in  Austin's  formula  is  twice  as  great  as  the  constant  in 
(40),  that 

2 

This  may  be  satisfied  by  various  values  of  h^  and  A,.  One  set  of 
values  would  be 

K  =0.5  hm 
hi'^i.ohr 
Another  would  be 

hi  =»  0.707  A. 
A,  =0.707  A, 

Austin's  values  for  the  height  of  various  antennas,  thus  deduced 
in  such  a  way  as  to  make  them  fit  the  experimental  values  ob- 
served, do  in  fact  vary  from  one-half  to  full  value  of  the  actual 
antenna  heights,  and  average  arotmd  0.7  the  actual  heights. 
It  is  much  simpler  and  more  direct  to  use  the  formula  and  the 
interpretation  presented  in  this  paper,  bearing  in  mind  that  it  is 
subject  to  the  tmcertainties  introduced  by  the  varying  character 
of  the  ground. 

The  idea  that  the  ground  is  not  a  good  enough  conductor  to 
form  an  image  of  a  transmitting  aerial,  and  that  the  waves  be- 
come attached  to  the  groimd  after  leaving  the  aerial,  is  in  harmony 
with  the  ideas  of  Lodge  and  Muirhead,  already  referred  to.  They 
found  that  they  got  better  transmission  by  using  what  amounted 
to  a  condenser  aerial,  elevated  from  ground,  with  no  ground  con- 
nection. This  conception  conflicts  with  the  commonly  accepted 
view  that  Marconi's  achievement  was  the  connection  of  a  radiat- 
ing system  to  the  ground.  What  then  was  Marconi's  achieve- 
ment? The  best  answer  to  this  may  be  one  stated  to  the  author 
by  Prof.  A.  E.  Kennelly,  viz,  the  use  of  a  large  radiating  system, 
arranged  vertically. 

VI.  BXPERIMENTAL  VERIFICATION  OF  FORMULAS  , 

1.  PSniCIPLBS  OF  MBASURSMBIVT  OF  RBCEIVBD  CURRBNT  AUD  V0LTA6B| 

WITH  APPUCATIONS  TO  DESIGN 

The  formulas  presented  in  this  paper  not  only  make  it  possible 
to  calculate  approximately  the  field  intensity  produced  or  current 
received  with  given  aerials,  but  also  give  the  basis  for  determining 
what  constants  to  select  for  the  circuit  of  a  particular  aerial  to 
secure  the  maximum  effect.    In  other  words,  these  formulas  fur- 
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nish  the  principles  of  design  of  aerial  circuits.  There  are  a  great 
many  points  not  obvious  from  mere  inspection  of  the  formulas, 
which  are  of  importance  equally  in  design  and  in  the  measurement 
of  received  signals.  These  will  now  be  considered.  While  this 
discussion  is  limited  to  what  takes  place  in  receiving  aerials,  the 
same  principles  and  treatment  can  readily  be  applied  to  trans- 
mitting aerials. 

The  received  current  or  voltage  can  be  measured  in  a  mmiber 
of  different  ways.  It  is  important  to  know  just  what  quantity  is 
being  considered  or  measured.  Suppose  an  indicating  instrument 
G,  which  may  be  a  galvanometer  or  a  telephone  receiver,  is  con- 
nected to  a  rectif  jring  device  D  in  parallel  with  the  condenser  of 
the  receiving  circuit,  as  in  Fig.  7,  where  either  L  is  a  coil  aerial. 


I 
I 


FlO.  7. — Aerial  circuit  with  detecting  apparatus  across  the  condenser 

or  else  C  is  an  antenna  or  condenser  aerial.  Does  the  indication 
of  the  instrument  measure  directly  (a)  the  emf  which  the  wave 
causes  to  act  on  the  circuit  CL,  (b)  the  current  in  the  circuit,  or 
(c)  the  voltage  across  the  condenser?  The  answer  is,  of  course, 
none  of  these  things.    The  system  can,  however,  conveniently  be 

calibrated  in  terms  of  the  voltage  across  the  condenser.  This 
voltage  V  is  related  to  the  received  current  /r  by  the  relation 


7- 


/r 


cjC 


(45) 


and  since  /r  is  related  to  tlie  emf  acting  by 


^'    R 


(46) 


the  relation  of  V  to  £  is 


RuC 


(47) 
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When  a  detecting  apparatus  like  that  of  Fig.  7  is  used,  in  which 
the  deflections  or  signals  depend  directly  on  the  voltage  across  the 
condenser,  the  results  obtained  with  various  receiving  circuits  will 
be  entirdy  different  from  those  obtained  when  the  current  in  the 
circuit  is  directly  measured,  as  in  Pig.  8.  Equations  (46)  and  (47) 
show  at  once  that  the  effects  of  varying  the  constants  of  the 
receiving  circuit  will  be  different,  depending  on  whether  it  is  E, 
It,  or  V  that  is  being  measured.  These  three  quantities  for  a 
receiving  antenna  are,  from  equations  (17),  (46),  and  (47),  for  unit 
magnetic  field  intensity. 


Fto.  S.-^Amal  dfoUi  with  eurnnPrneasuring  insirvmeni  in  cifcuit 

E^  -  300.^ 

T  *r 


(48) 
(49) 


(50) 


The  quantity  hr  may  be  called  the  ''emf  reception  factor"  for 
an  antenna;  the  emf  in  the  receiving  circuit  is  proportional  to  it. 

Similarly  -r  may  be  called  the  " current  reception  factor"  since  it 

determines  the  received  current.    And  n\^  or  the  equivalent  ^ 

may  be  called  the  "  voltage  reception  factor  "  of  an  antenna  since 
it  determines  the  voltage  across  the  antenna. 

The  most  favorable  or  optimum  value  of  any  of  the  variables 
that  determine  the  antienna  emf,  current,  or  voltage,  can  be 
determined  either  by  direct  experimental  measurement  of  their 
values  when  actually  receiving  or  by  calculation  from  the  reception 
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factors.  It  is  desired  to  learn  simply  what  will  produce  the  maxi- 
mum £a,  /a>  or  Va.  For  example,  it  is  obvious  that  £»  increases 
indefinitely  as  Ih  increases,  but  more  careful  consideration  is 
required  to  determine  what  will  be  the  effect  on  the  received 
cturent  of  increasing  hr.  The  reception  factors  furnish  an  alter- 
native to  direct  reception  measurements,  requiring  instead  meas- 
urements upon  the  constants  of  the  aerial  circuit. 

CoU  Aerial  Reception  Factors. — ^The  emf  applied  by  the  passing 
wave  to  a  coil  aerial,  the  current  in  the  circuit,  and  the  voltage 
across  the  condenser  are,  from  equations  (26),  (46),  and  (47),  for 
unit  magnetic  field  intensity, 

£.6oo..-^«--^  <5i) 

aW      I      a^N  ,    , 

/«6oo.x-^-— ^^  (52) 


Rh?      io«  RC 


(53) 


These  equations  assume  the  coil  to  be  square,  having  both 
height  and  length  «  a.    For  a  coil  that  is  not  square,  the  formulas 

^Pply»  replacing  a  by  VW.  Two  values  are  given  for  each  recep- 
tion factor;  the  first  of  the  two  is  the  more  useful,  since  it  is  more 
common  to  consider  the  dependence  of  the  reception  on  X  than 
on  C. 

a^N 
Emf  reception  factor  =  -y"  (S^) 

a^N 
Current  reception  factor  =  -^z-  (52) 

a^NL 
Voltage  reception  factor  =  -htt  (53) 

Design  of  Receiving  CoU  Aerials. — ^The  response  produced  in  a 
coil  aerial  circuit  may  be  measured  in  a  great  variety  of  ways. 
In  the  first  place,  it  may  be  considered  either  from  the  viewpoint 
of  the  emf  acting,  the  current,  or  the  voltage  across  the  condenser. 
The  first  of  these,  the  emf  E,  may  be  determined  for  any  particular 
case  from  the  emf  reception  factor  (51) .  The  current  /  or  voltage 
V  may  each  be  determined  in  fotu:  different  ways:  (i)  by  direct 
meastu'ement  with  a  suitable  instnunent,  (2)  by  meastuement  of 
the  quantities  which  make  up  the  appropriate  reception  factor, 
(3)  by  measurement  of  signal  strength  in  some  such  device  as 
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sketched  in  Fig.  7,  which  has  been  calibrated  in  /  or  V,  (4)  &x>m  a 
"signal  intensity  reception  factor,"  which  can  be  calculated  for 
any  signal-measuring  device  when  the  law  coimecting  the  signal 
intensity  with  either  /  or  V  is  known. 

The  design  of  a  receiving  coil  requires  knowledge  of  the  depen- 
dence of  the  current  or  voltage  upon  the  dimensions,  etc.,  of  the 
coil.  Measturements  made  in  all  of  the  ways  just  enumerated 
give  results  in  agreement  with  one  another,  provided  due  care 
is  given  to  the  avoidance  of  errors.  The  sources  of  error  are 
numerous,  as  discussed  in  Section  3  below. 

While  direct  measurement  of  the  received  current  or  voltage 
can  be  replaced  by  calculation  from  the  reception  factors,  the 
fact  remains  that  the  design  of  an  aerial  requires  experiments. 
This  is  because  the  quantity  R  in  the  reception  factors  can  not 
be  obtained  by  calculation.  It  must  be  obtained  by  measurement 
for  the  particular  coil  and  mode  of  cotmections  employed. 

Measurements  upon  receiving  aerials  to  determine  their  con- 
stants and  the  best  design  for  given  conditions  constitute  a  most 
interesting  study.  In  later  publications  from  this  laboratory 
the  results  of  experiments  will  be  published  giving  such  data  for 
tjrpical  coil  aerials. 

The  capacity  C  in  the  formulas  is  the  total  capacity  of  the  cir- 
cuit, including  the  capacity  of  the  coil,  L  is  the  pure  inductance 
of  the  coil,  and  R  is  the  actual  resistance  of  the  circuit.  R  in- 
cludes the  resistance  of  the  conductors,  effective  resistance  of 
the  condenser  and  of  the  coil  capacity,  effective  resistance  of  the 
detecting  apparatus,  and  radiation  resistance.  All  of  these  vary 
with  frequency,  and  thus  measurements  of  R  at  the  frequency 
concerned  is  necessary.  On  accoimt  of  the  complexity  of  the 
quantities  entering  into  the  total  R,  its  measurement  is  no  easy 
matter.  The  capacity  of  the  coil  and  other  stray  capacities  may 
easily  vitiate  the  measurement  of  R,  C,  or  L.  The  effect  of  the 
detecting  apparatus  always  requires  most  careful  consideration. 
Even  if  17  in  Fig.  7  is  an  electron  tube,  it  is  necessary  to  consider 
the  resistance  which  it  introduces  into  the  aerial  circuit. 

Dependence  of  Received  Current  and  Voltage  on  Dimensions  of 
Coil  and  Wave  Length,— Let  Jf?o=»  resistance  of  coil  and  Rj,^ 
resistance  external  to  coil ; 

I  «  Current  reception  factor— 75 — .  „  .  ^  (54) 
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The  variation  of  received  current  with  number  of  turns,  wave 
length,  and  size  of  coil  is  readily  found  by  considering  the  variation 
of  the  quantities  in  (54).  In  the  following  discussions  the  spac- 
ing between  turns  of  wire,  which  affects  resistance  and  induc- 
tance, is  assumed  constant. 

(a)  Varying  N,  with  X  and  a  constant.    When  R^  is  large  com- 
pared to  /?o,  we  see  from  (54) 

When  /?o  is  large  compared  to  /f^i  since  R^  «  N,  roughly, 

/  oc  constant 


Fio.  9. — Dependence  of  received  current  on  nwmher  of  Hams 

However  R^  increases  somewhat  faster  than  proportional  to  N 
as  N  is  increased,  because  of  the  proximity  of  the  added  turns, 
and  hence  /  decreases  somewhat  as  N  increases  instead  of  being 
strictly  constant. 

Rx  is  likely  to  be  large  compared  with  Rq  when  N  is  very  small, 
and  hence  for  small  iV,  the  variation  of  /  with  N  will  be  a  straight 
Une,  as  shown  in  Fig.  9.  As  iV  increases,  Ro  becomes  large  com- 
pared to  Rx  and  the  tendency  of  /  to  increase  with  N  is  reversed. 
As  a  result  the  cturve  of  /  has  a  maximum.  The  value  of  JV  at 
this  point  may  be  called  the  "  optimum  number  of  turns. "  Its 
value  will  be  greater  the  greater  the  external  resistance. 
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(6)  Varying  X  with  N  and  a  constant.    When  Rx  is  large  com- 
pared to  Re  and  does  not  vary  appreciably  with  wave  length 

This  variation  is  shown  in  Pig.  lo.    When  Rq  is  large  compared 
to  Rxt  however,  since  /?«  ^  "^t  roughly, 


r  '■ 


7x 


Fto.  lo. — Dependence  ef  received  current  on  wave  iength  when  external  resistance  is  large 

However  the  effect  of  the  adjacent  turns  increases  R^  faster  than 
stated,  as  X  is  diminished,  and  hence  /  tends  to  approach  a  con- 
stant value  for  short  wave  lengths,  as  shown  in  Fig.  1 1 .  These 
conclusions  may,  however,  be  vitiated  by  the  variation  of  R^ 
withX. 

(c)  Varying  a,  with  N  and  X  constant.     When  R^  is  large 
compared  to  R^, 

Icca" 

This  is  shown  in  Fig,  12.  When  Rq  is  large  compared  to  /?,, 
since  Re^a^ 

I  oca, 
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Pft>.  XI. — Dependence  cf  received  current  on  wave  length  when  eoil  resistance  is  large 


Pfeb.  IS. — Dependence  of  received  current  on  siu  of  coil  when  external  resistance  is  large 
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Fko.  13. — Dependencg  of  recwwd  cumnt  on  tige  of  coil  when  coil  rtsiilanco  is  largt 

giving  the  straight  line  in  Fig.  13.  From  these  two  extreme 
cases  it  follows  that  an  actual  curve  is  likely  to  have  a  form 
that  is  a  combination  of  these  two,  as  shown  in  Fig.  14. 


FlO.  14. — Dopmidtnce  of  rocovoei  current  on  siu  of  coil  in  typical  can 
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(d)  Varying  a,  with  X  constant,  allowing  N  to  vary  in  such  a 
way  that  length  of  wire  is  constant.  The  condition  is  that  Noc  — 
When  /?x  is  large  compared  to  l?o, 

/oc  a. 

The  curve  of  /  is  thus  a  straight  line.  When  /?«  is  large  com- 
pared to  /?x,  the  same  conclusion  holds,  but  only  ^roughly.  R^ 
increases  slightly  as  a  is  decreased  because  of  the  proximity  of 
the  added  turns,  hence  /  increases  a  little  faster  than  propor- 
tional to  a.    This  is  shown  in  Fig.  15. 


Flo.  15. — Dependence  cf  received  current  on  sue  of  coil  when  Unglh  of  wire  is  kept  constant 

The  voltage  reception  factor  differs  from  the  current  reception 
factor  by  y 

Thus, 

a^  N  L 
y«  Voltage  reception  factor  -  ^^^-^p^yj^  (55) 

It  is  thus  a  more  complex  problem  to  determine  the  variation  of 
voltage  with  iV,  X,  and  a,  because  the  variation  of  L  must  be 
considered  in  addition.  This  may  be  done  in  each  case,  just  as 
was  done  above  for  ciurent,  taking  iato  account  the, relations: 


iMMNurl  '  Principies  of  Radio  Aerials  477 

LocX^ 
R^ccN'+ 

where  the  +  or  —  s^  after  the  exponent  indicates  that  the 
actual  power  is  slightly  greater  or  less  than  that  given. 

The  relations  obtained  for  voltage  are  similar  to  those  obtained 
for  current.  There  axe  some  characteristic  differences,  as,  e;  g., 
with  varying  N  the  optimum  ntunber  of  turns  comes  out  greater 
than  for  received  current.  Thus,  when  the  detecting  apparatus 
depends  essentially  on  the  current,  the  size  of  the  coil  should  be 
as  large  as  possible,  whereas  when  it  depends  essentially  on  the 
voltage  across  the  condenser  the  number  of  turns  shotUd  be  as 
large  as  possible. 

On  the  whole,  the  received  current  or  voltage  or  signal  inten- 
sity is  increased  by  increasing  the  dimensions  (N  and  a)  and  by 
decreasing  the  wave  length.  These  conclusions  are  subject  to 
the  limitation,  discovered  by  French  ea))erimienters,  and  quali- 
tatively obvious  from  the  known  increase  of  R  near  the  natural 
wave  length  Xo  of  a  circuit,  that  poor  restUts  are  obtained  if 
Xo>K^-  Thus,  the  dimensions  of  the  coil  can  not  be  increased, 
or  the  wave  length  decreased,  indefinitely.  Beyond  the  limit 
mentioned,  in  fact,  better  results  are  obtained  by  decreasing  the 
dimensions  of  the  coil. 

It  is  an  interesting  fact  that  these  discussions  apply  not  only 
to  the  design  of  a  coil  aerial  for  receiving  signals,  but  that  they 
also  solve  the  problem  of  design  of  wave  meters.  The  choice  of 
constants  of  a  wave-meter  coil  for  any  particular  case  is  settied 
by  the  formulas  and  ideas  here  presented.  The  considerations 
given  for  received  current  and  voltage  apply,  respectively,  to  the 
design  of  wave  meters  for  measurements  upon  imdamped  or 
damped  waves;  that  is,  to  the  sectning  of  minimum  resistance 
and  minimum  decrement,  respectively. 

2.  BZAMPIBS  OF  MBASURBMERTS 

Measurements  having  as  their  object  the  verification  of  the 
transmission  formulas  were  discussed  in  the  preceding  section. 
Any  experiments  which  verify  the  transmission  formulas  may 
also  be  considered  as  checking  the  ''theoretical  formulas"  and 
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"comparison  formulas."  In  fact  experimental  tests  of  the  trans- 
mission f cnmulas  are  the  most  rigorous  test  of  the  theory  pre- 
sented in  this  paper.  All  of  the  limitations  and  errors  discussed 
in  Section  V,  2,  affect  the  transmission  formulas,  while  only  a 
portion  of  them  affect  the  theoretical  and  comparison  f ormtdas. 

The  complicated  practical  conditions  of  any  experiment,  the 
tilting  of  the  wave  front,  the  combination  of  antenna  and  coil 
effects,  discussed  in  the  next  section  below,  and  other  uncertain- 
ties, make  close  agreement  between  theory  and  experiment 
tmlikely.  Agreement  to  30  per  cent  should  be  considered  as 
highly  satisfactory  verification  of  the  essential  correctness  of  the 
theory.  On  accotmt  of  its  field  being  more  definitely  localized, 
experiments  with  a  coil  aerial  may  be  expected  to  yield  greater 
accuracy  than  experiments  with  an  antenna.  The  same  advantage 
appertains  to  a  condenser  aerial.  No  quantitative  data  have 
been  obtained  with  condenser  aerials,  to  the  author's  knowledge; 
such  experiments  would  be  very  desirable. 

Experimental  data  obtained  at  the  Bureau  of  Standards  on 
radio  transmission  and  reception  are  presented  below.  The 
agreement  between  the  received  cturent  observed  and  the  values 
caktdated  from  the  transmission  formulas  can  be  considered  as 
very  satisfactory.  The  author  is  informed  that  experiments  made 
by  the  Signal  Corps  have  led  to  a  similar  verification.  In  some 
of  the  Signal  Corps  experiments  it  was  thought  at  one  time  that 
wide  departures  from  the  transmission  formulas  for  coil  aerials 
were  observed,  the  received  ciurent  for  very  short  waves  being 
much  less  than  the  transmission  formulas  indicated.  Whin, 
however,  the  actual  values  of  the  resistance  at  the  wave  lengths 
used  were  determined,  the  agreement  was  very  good.  Particular 
care  must  be  given  to  proper  measurement  of  the  resistance  of 
the  receiving  aerial  circuit. 

Antenna  to  Antenna. — ^Experiments  which  supply  a  check  on 
formula  (40)  have  been  published  by  Dr.  Austin,  chief  of  the 
Naval  Radio  telegraphic  laboratory  located  at  the  Bureau  of 
Standards. 

For  transmission  between  two  antennas  located  on  ships 
(Jour.  Wash.  Acad  Sciences,  vol.  i,  p.  275;  191 1),  h^^2g.2, 
A, "=29.2,  /,-=30.,  /?— 25.,  X  =  iooo.,  d— 1000.  The  lengths  given 
in  all  these  examples  are  in  meters.    Calculating  from  (40), 

/r  calctdated  —0.19 
/r  observed   »o.2i 
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For  the  Washington  Navy  Yaid  antftnna  tmnsmittiiig  to  an 
antenna  at  the  Buxeau  of  Standards  (BtdL  Bureau  of  Standards, 
vol.  II,  p,  74;  I9i4)»  *»-36m  *r-30.,  /•-7-0,  i?-7o.,  X-2800., 
d*- 10 000.    Calculating  from  (40)  and  (20) 

■ 

/,  calculated —0.53  X  lo"* 
/r  observed   — 0.55— ic* 

As  already  pointed  out,  the  agreement  of  observed  values  with 
the  transmission  formulas  indicates  that  it  is  proper  to  take  as 
the  antenna  height  the  actual  height  from  the  ground  to  the  flat 
top. 

Antenna  to  Coil. — ^A  niunber  of  experiments  to  check  the 
antenna-to-coil  transmission  formulas  have  been  made  at  the 
Bm-eau  of  Standards  radio  laboratory  since  early  in  191 7.  The 
first  ones  did  not  involve  quantitative  measturements,  but  served 
to  give  a  rough  check  on  the  formulas.  The  calculated  value  of 
current  was  compared  with  the  cturent  as  estimated  from  the 
loudness  of  signal  in  a  telephone  receiver  connected  to  various 
types  of  detecting  devices.  These  signals  were  interpreted  on 
the  assumption  that  a  fairly  audible  response  is  given  by  thie 
currents  indicated  with  the  several  types  of  detector. 

10"*  to  lo"*  ampere,  aystal  detector, 
lo"*  to  lo"^  ampere,  simple  audion. 
io~*  ampere,  oscillating  audion. 

For  the  Arlington  antenna  received  on  a  coil  aerial  at  the 
Bureau  of  Standards,  A.»i22.,  Ar=='4.,  /r='4M  iV,"»22.,  /,»io2., 
i?— 25.,  X— 3800.,  d  —  7800.  The  received  current  calculated 
from  (41)  is  0.0018 'ampere.  The*  observed  signal  using  aystal 
detector  and  telephone,  was  very  loud,  thus  checking  in  a  quali- 
tative way  the  result  calculated. 

Two  similar  qualitative  experiments  were  made,  transmitting 
from  an  antenna  at  the  Buxeau  of  Standards  and  receiving  on  a 
portable  coil  aerial.  In  one  experiment,  ^— 36.,  ^»/r»i-07, 
iVr-ii., /•-0.5,  2J-2.,  X^Sjo.,  d=-i6ooo.,  whence  calculated 
/r  — ii.Xio"*.  Intheother,A,  =  i2.,Ar=-/r  — i.o7,JVr«ii.,/.«o.25, 
iS—a,  X»6oo.,d»iiooo,  whence  calatlated  /r»5.7Xio~^.  In 
both  teses  the  observed  signal  was  loud  with  a  simple  audion, 
again  giving  a  qualitative  check  on  the  formula. 
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A  miflober  of  experfanents  have  been  made  by  Dr.  Austin  during 
1918  and  19191  who  has  kindly  placed  the  results  at  my  disposaL 
A  couple  of  typical  ones  will  be  given*  For  the  Arlington  antenna 
transmitting  to  a  coil  aerial  at  the  Bureau  of  Standards,  Ab«  122., 

4r»I.82»  /r  =  1.29,  iVr  =  56.,  /.=»IOO.,  2?  =  50.,  X— 60OO,  d  — 780O. 

/,  calculated  -« 1.4X10"^ 
It  observed     =  2.1  x  lo"^ 

For  the  same  antenna  transmitting  to  a  laige  coil  suspended  from 
masts  outdoors,  ^»i22.,  Ar  =  2i.6,  2,^24^,  Nr^?.,  /,  =  ioo., 
/2=»50.,  X  — loooo,  d=»78oo,  a=42^    From  (41)  and  (24), 

It  calculated  « i.o X  lo"* 
Jr  observed    «i.2  — lo"^ 

A  large  number  of  transmission  experiments  from  antennas  to 
coils  have  been  made  by  the  radio  laboratory  of  this  Bureau  in  the 
early  part  of  1919.  In  a  typical  case,  where  Ae  =  2i.,Ar=/r  =  i.44, 
iVr=8., /««3.,  12=7.7,  X =700.,  cI»48oo.,  5'«o.i,  L=54i.,  micro- 
hemies.    From  (41)  and  (20), 

It  calculated  «  24.  X  lo** 
It  observed   «  28.  X  lo"* 

The  fact  that  the  observed  current  is  larger  than  the  calculated, 
in  these  and  other  cases,  is  probably  due  to  the  antenna  effect* 
discussed  in  the  next  section.  The  coil  structure  has  capacity, 
which  makes  it  receive  the  wave  by  antenna  action  in  addition 
to  the  coil  action,  thus  increasing  the  current  actually  received. 

Coil  to  Antenna. — In  an  experiment  made  by  Dr.  Austin,  with 
a  large  coil  at  the  Btireau  of  Standards  transipitting  to  the  Arling- 
ton antenna,  &8  =  2i.6,  4  =  24.4,  Ar  =  i22.,  Ar»  =  7., /,  — 1.,/2«50., 
X  =»  2800. ,  d  =»  7800,  a  =  42  ®.    From  formula  (42) , 

It  calculated  =  1.3  X 10"* 
/r  observed   « 1.5x10'* 

CoU  to  Coil. — ^The  only  data  available  to  the  author  on  the  use 
of  the  coil  aerial  for  both  transmitting  and  receiving  are  from 
experiments  made  in  191 7  by  Messrs.  Kolster,  Willoughby,  and 
Lowell,  and  these  are  only  qualitative.  For  transmission  from  a 
coil  at  the  Bureau  of  Standards  to  a  portable  coil  40.  km'away, 

^•=4=3»    *r=/r  =  I.,    iV.«4.,    Nr^lS'f    h^lO.,    /J»I.,    X«600., 

cl»40  000.  The  received  current  calculated  from  formula  (43)  is 
4.6  X  lo"*.    The  observed  signal  was  loud  with  a  simple  audion. 
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For  transmission  from  a  coil  located  at  a  lighthouse  to  a  coil 
on  a  ship  48.  km.  away,  A,— 4=3.05,  Ar=t  =  i.22,  iV.»=3,  iVr«io, 
/«  =  10,  /?  =«  2,  X  =  550,  d =48  000.  The  calculated  It  is  1.6  x  lo"^. 
The  observed  signal  was  audible  on  a  simple  audion.  Comparing 
with  the  current  sensibility  of  an  audion  stated  above,  it  is  seen 
that  both  of  these  results  furnish  a  rough  check  on  the  formula. 

3.  DISCUSSION  OF  BZPBRIMBNTS 

The  agreement  of  the  experiments  with  the  theory  is  highly 
satisfactory  in  view  of  the  simple  conditions  assumed  in  the  theory. 
The  complex  practical  conditions  preclude  the  likelihood  of 
agreement  within  a  few  per  cent.  The  various  limitations  of  the 
formulas  arising  from  actual  experimental  conditions  are  dis- 
cussed above  in  Section  V,  2. 

One  characteristic  of  the  experiments  with  coil  aerials  is  that 
the  observed  value  of  received  current  is  in  every  case  greater  than 
the  calculated  value.  This  strongly  suggests  that  the  action  of 
the  coil  structure  involves  something  additional  to  the  pure  action 
as  a  coil.  This  wotdd  be  expected  also  from  theoretical  considera- 
tions. The  inevitable  capacities  between  parts  of  the  aerial  circuit 
must  introduce  an  action  analogous  to  that  of  an  antenna.  When 
it  is  borne  in  mind  that  the  coil  action  is  really  a  second-order 
effect  in  comparison  with  the  action  of  a  system  of  antenna  nature, 
it  appears  extremely  likely  that  the  stray  capacities  of  any  coil 
aerial  drctiit  wotdd  introduce  an  antenna  effect  which  .would  have 
to  be  considered  in  addition  to  the  pure  coil  effect.  Besides  the 
reasons  thus  given  by  theory  and  by  the  excessive  values  of  current 
observed  in  experiments  with  coil  aerials,  there  are  two  other  lines 
of  evidence  that  the  antenna  effect  is  not  negligible  in  coil  aerials. 

One  of  these  additional  lines  of  evidence  is  furnished  by  measure- 
ments of  current  in  different  parts  of  a  coil  aerial  or  the  circuit 
thereof.  If  the  capacities  between  parts  are  appreciable,  some 
of  the  current  must  leave  the  conductors  and  flow  oft  into  the 
dielectric ;  the  current  observed  with  an  ammeter  must,  therefore, 
be  different  in  different  parts  of  the  circuit.  These  differences 
are  actually  fotmd.  The  fotulh  kind  of  evidence  that  the  an- 
tenna effect  is  appreciable  in  coil  aerials  is  furnished  by  considera- 
tions of  radiation  resistance,  which  will  now  be  discussed.  Fol- 
lowing that,  the  anteima  effect  vdll  be  considered  in  more  detail 

Radiation  Resistance, — It  is  possible  to  determine  whether  in  a 
given  system  the  antenna  effect  or  coil  effect  predominates  by 
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measurements  of  radiation  resistance.  The  radiation  resistance 
has  different  values  and  follows  different  laws  for  antenna  and 
coil. 

Radiation  resistance  in  general  is  defined  by 

P^Rr  (56) 

in  which  /  is  the  current  in  the  aerial  used  as  a  transmitting 
device,  P  is  the  power  radiated,  and  R  the  radiation  resistance. 
The  study  of  radiation  resistance  is  an  important  means  of  facili- 
tating work  on  aerials.  This  may  be  seen  from  the  simple  fact 
that  the  magnitude  of  the  radiation  resistance  gives  at  once  the 
power  radiated,  and  hence  the  effectiveness  of  a  transmitting 
aerial  or  the  range  of  communication  can  be  judged  without 
making  transmission  experiments.  Field  tests  are  thus  in  laige 
part  replaced  by  laboratory  measurements.  In  addition  to  this, 
it  is  possible  to  discriminate  between  the  antenna  and  coil  effects. 
The  magnitude  of  the  radiation  resistance  of  a  flat-top  anteima, 
at  wave  lengths  considerably  greater  than  the  fundamental,  is 
given  by  the  well-known  expression 

^a=»(39.7^j  (57) 

An  approximate  expression  for  the  radiation  resistance  of  a  coil 
can  be  derived  very  simply,  as  follows:  When  a  radiated  field 
exists  in  any  part  of  space,  the  relation  of  the  power  P'  radiated 
through  that  portion  of  space  to  the  magnetic  field  intensity 
there  existing  is 

P'oc//»  (58) 

for  any  given  distance  from  the  source,  whatever  the  source  may 
be.  The  total  power  radiated  is  proportional  to  the  integral  of 
P'  over  any  surface  entirely  surrotmding  the  source.  This  inte- 
gral will  be  of  the  same  form  for  Ho,  the  field  due  to  a  coil,  as  for 
if  a,  the  neld  due  to  an  antenna,  except  for  the  effect  of  the  varia- 
tion of  //«  in  a  plane  aroimd  the  radiating  coil,  which  varies  from 
zero  to  the  value  given  in  (10)  for  any  given  distance  from  the 
source.  As  a  first  approximation,  this  variation  may  be  con- 
sidered to  make  the  integrated  value  of  Ho  one-half  as  great  as  it 
wotdd  be  if  Ho  had  the  value  given  in  (10)  in  all  directions  arotmd 
the  radiating  coil. 


Po      I  Ho* 


•p.     2H.= 


(5« 
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Prom  (8)  and*  (10) ,  for  a  given  distance  from  the  source  and  a 
coil  and  antenna  of  same  height  with  same  current^ 


From  (56), 


Hence  from  (59)  and  (60) , 


IN 

Ro 
Ru 

P 

"Pa 

Ro 
R." 

(60) 


Inserting  the  value  of  R^,  from  (57), 

„  hVN^ 

If  the  coil  is  a  square  one  with  h^l^a, 


R. 


«(i3.3x)*^  (61) 


This  approximate  expression  for  radiation  resistance  of  a  coil 
gives  at  once  the  variation  with  size,  number  of  turns,  and  wave 
length.    For  example,  for  a  set  of  coils  of  varying  size,  in  which 

the  length  of  wire  is  kept  constant,  i^o^c^.    It  shows  that  for  a 

given  ratio  of  size  to  wave  length,  Ro  «  iV*.  The  priqcipal  point  of 
interest  is  that  R^  is  inversely  proportional  to  the  f  otuth  power  of 
wave  length. 

Since  the  radiation  resistance  of  an  antenna  is  inversely  pro- 
portional to  the  second  power  of  wave  length,  and  that  of  a  coil 
inversely  proportional  to  the.  fourth  power,  the  radiation  resist- 
ance furnishes  a  means  of  determining  whether  a  given  structtu-e 
fimctions  as  a  coil  or  as  an  anteima.  Rough  determinations  of 
radiation  resistance  which  were  made  upon  a  particular  coil 
aerial  showed  a  variation  of  observed  radiation  resistance  inversely 
as  the  third  power  of  the  wave  length,  thus  verifying  the  idea  that 
the  action  is  a  combination  of  coil  and  antenna  effect.  The  ob- 
served values,  however,  were  all  higher  than  the  sum  of  the  the- 
oretical R^  and  R^,  The  measurement  of  radiation  resistance  is 
an  extremely  difGunilt  operation,  and  satisfactory  methods  can 
not  be  said  to  have  been  developed  as  yet. 
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Antenna  Effect. — Since  there  are  diiOFerences  of  potential  be- 
tween various  parts  of  a  coil,  acting  either  as  a  transmitting  or 
receiving  aerial,  there  must  be  some  dielectric  current  through  the 
space  around  the  coil  and  between  the  coil  and  ground.  It 
follows  that  there  must  be  some  antenna  action,  porportional  to 
the  amount  of  this  dielectric  current  and  the  length  of  path  over 
which  it  flows,  and  this  will  produce  a  current  additional  to  that 
produced  by  the  coil  action  unless  the  coil  structure  happens  to 


r    /3 


Fig.  16. — Paihs  of  dielectric  currents  which  cause  antenna  effect  in  coil  aerial 

have  an  exact  symmetry  which  causes  the  antenna  effect  in  each 
part  of  the  coil  to  be  balanced  by  an  antenna  effect  in  some  other 
part. 

Fig.  16  shows  the  origin  of  the  antenna  effect.  As  in  ordinary 
practice,  the  leads  cause  some  part  of  the  apparatus  to  be  practi* 
cally  at  ground  potential,  the  shield  of  the  condenser  is  shown  con- 
nected to  ground.  An  appreciable  dielectric  current  flows  from 
various  parts  of  the  conducting  circuit  to  other  parts  and  to 
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ground.  Typical  paths  of  this  dielectric  current  are  shown  by 
the  dotted  lines.  The  line  a  b  suggests  the  dielectric  current  from 
the  coil  structure  to  ground,  the  lines  c  d  and  e  f  the  dielectric 
cturent  between  turns  of  the  coil,  and  the  line  g  h  the  dielec* 
trie  current  between  coil  and  leads.  The  flow  of  dielectric  cur- 
rent between  ttuns  of  the  coil  is  in  a  horizontal  direction  when  the 
coil  is  of  prismatic  form  with  the  turns  separated  and  all  of  the 
same  area.  This  part  of  the  ant^enna  effect  arises  in  a  receiyiiig 
coil  of  this  form  only  when  the  wave  front  is  more  or  less  tilted 
from  the  vertical. 

On  account  of  the  flow  of  current  off  through  the  dielectric 
from  various  parts  of  the  circuit,  ammeters  placed  at  different 
places  in  the  circuit  would  show  different  values  of  current  to  be 
flowing.  In  radio  circuits  it  can  not  be  assumed  that  the  cturent 
is  the  same  at  all  points  around  the  conducting  circuit,  as  was 
shown  by  the  author  in  his  investigation  of  high-frequency  current 
measurement  described  in  Bureau  of  Standards  Scientific  Paper 
No.  206;  1913. 

To  the  extent  that  these  dielectric  currents  flow,  the  conductors 
of  the  circuit  may  be  considered  as  an  antenna  system.  Perhaps 
only  the  current  typified  by  the  line  a  b  might  be  thought  of  as 
giving  rise  to  an  "  antenna  "  effect,  since  the  others  do  not  flow  to 
ground;  still  this  part  of  the  dielectric  current  does  not  differ  from 
the  others  in  nature  or  effect,  and  hence  it  seems  advisable  to  use 
the  suggestive  term  "  antenna  effect "  to  indicate  all  of  the  effect 
arising  from  the  presence  of  currents  in  the  dielectric. 

It  might  be  supposed  that  the  same  sort  of  an  effect  wotdd  be 
caused  by  the  flow  of  dielectric  current  in  the  condenser  of  the  coil 
aerial  circtiit.  This  is  not  true  ordinarily,  because  a  condenser  of 
the  laboratory  type  is  used  in  which  the  condenser  plates  are  inter- 
leaved. As  shown  in  Fig.  17,  the  current  in  one  direction  in 
the  dielectric  is  balanced  by  a  current  in  the  opposite  direction 
in  the  neighboring  part  of  the  condenser.  This  is  a  nonradiating 
condenser  and  is  the  analog  of  a  noninductive  coil,  which  is  also 
nonradiating.  A  condenser  consisting  of  a  single  pair  of  plates 
would  radiate,  but  is  not  ordinarily  used,  because  it  would  be 
much  bulkier  than  the  laboratory  type  of  condenser.  The 
condenser  consisting  of  a  single  pair  of  plates  would  be,  in  fact, 
the  "condenser  aerial,*'  which  has  been  recommended  by  the 
author  in  Section  IV,  3,  as  worthy  of  serious  consideration  in 
radio  practice. 
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The  eflfect  of  the  distributed  capacities  of  the  aerial  circuit 
must  not  be  couf u!sed  m  any  ^way  with  the  phase  angle  between 
the  fields  existing  at  the  two  vertical  sides  of  the  coil  aerial. 
The  phase  angle  referred  to  is  the  seat  of  the  action  of  the  coil 
aerial  as  such.  The  dielectric  currents  flowing  in  the  distributed 
or  stray  capacities  of  the  circuit,  however,  give  rise  to  the  direct 
action  as  an  antenna,  not  depending  in  any  way  on  the  separation 
between  the  two  vertical  sides  of  the  coil.  All  of  these  remarks 
apply  both  to  transmission  and  reception. 


FiO.  17. — Directions  of  flow  of  dielectfx  currents  in  laboratory  type  of  condenser 

It  is  rather  difficult  to  determine  what  fraction  of  the  effect  of 
a  coil  aerial  is  due  to  antenna  action  and  what  part  to  coil  action. 
In  many  cases,  doubtless,  the  antenna  action  predominates.  It 
is  possible,  however,  to  separate  the  effects  in  any  particular  case 
by  the  several  different  methods.  The  antenna  effect  may  be 
calculated,  at  least  for  parts  of  the  circuit,  by  the  aid  of  careful 
ammeter  readings,  which  show  what  amount  of  the  current  has 
flowed  off  into  the  dielectric.    The  antenna  effect  may  be  elimi- 
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nated,  thus  leaving  only  the  coil  effect,  by  a  carefully-arranged 
system  of  shields  and  grounds;  or,  by  a  sjnnmetrical  arrangement 
of  the  coil  structure  which  causes  the  antenna  effect  in  each  part 
to  be  balanced  by  the  antenna  effect  in  some  other  part.  The 
coil  effect  may  be  eliminated,  on  the  other  hand,  in  the  case  of 
a  receiving  coil,  by  taking  advantage  of  the  fact  that  the  coil  effect 
depends  on  the  direction  of  orientation,  while  the  antenna  effect 
(at  least  the  major  part  of  it)  does  not;  that  is,  by  turning  the 
coil  so  its  plane  is  parallel  to  the  wave  front.  A  method  which 
eliminates  the  coil  effect  and  retains  a  part  of  the  anteima  effect 
is  to  open  one  of  the  coil  leads,  thus  leaving  the  coil  aerial  con-: 
nected  to  the  circuit  at  one  point,  placing  in  series  with  it  an 
inductance  coil  of  very  small  dimensions,  but  of  the  same  induc- 
tance, the  circuit  being  completed  by  the  capacity  of  the  coil 
aerial  to  groimd. 

Effects  of  surroundings. — Currents  are  induced  in  metal  and 
other  objects  near  a  transmitting  aerial,  and  sometimes  are 
powerful  enough  to  affect  the  radiation  appreciably.  The  objects 
near  a  receiving  aerial  have  currents  produced  in  them  by  the 
passing  wave.  These  ctirrehts  in  nearby  objects,  which  may 
include  the  ground,  induce  emf 's  in  the  receiving  aerial.  It  is  to 
be  noted  that  this  effect  of  neighboring  objects  is  caused  by  induc- 
tion and  not  radiation  from  them,  which  would  be  compamtively 
feeble. 

The  emf  thus  induced  in  a  coil  aerial  from  the  sturoundings  is 
of  the  same  or  opposite  phase  as  that  caused  by  the  wave.  It 
differs  in  this  respect  from  the  emf  due  to  the  antenna  effect 
discussed  above.  The  antenna  effect  ordinarily  produces  an  emf 
which  is  90®  out  of  phase  with  the  coil  effect  and  does  not  vary 
with  the  orientation  of  the  coil.  The  antenna  effect  can  thus 
never  balance  out  the  coil  effect,  and  it  is  impossible  to  reduce  the 
received  current  to  zero,  no  matter  how  the  coil  is  turned.  The 
emf  induced  by  the  surrotmdings,  however,  depends  upon  the 
orientation  of  the  coil.  This  emf  will  be  reduced  to  zero  by  turn- 
ing the  coil  at  a  different  orientation  from  that  at  which  the.  emf 
dtie  to  the  wave  is  zero  unless  the  line  between  distorting  object 
and  the  coil  aerial  is  the  direction  of  propagation  of  the  wave. 
The  result  of  this  is  that  the  total  emf  is  reduced  to  zero  at  some 
orientation  other  than  that  obtained  when  the  wave  alone  acts 
on  the  coil  aerial.  There  is  thus  a  distortion  in  the. apparent 
direction  of  the  wave,  caused  by  objects  stirrounding  the  coil 
aerial. 
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Carrections  can  be  made  f,or  this  effect  upon  the  indications  of  a 
direction  finder.  The  errors  for  various  directions  of  wave  are 
determined,  and  this  gives  a  calibration  by  which  subsequent 
observations  at  the  same  wave  length  are  corrected. 

Vn.  PRACTICAL  CONCLUSIONS 
1.  RSL4TIVB  EFFBCnVBHESS  OF  ANTBKNAS  AND  COIL  ABRIALS 

(a)  Generally  speaking  a  coil  aerial  is  as  powerftil  a  trans- 
mitting or  receiving  device  as  an  antenna  only  when  its  dimensions 
approach  those  of  the  antenna. 

(&)  It  is  easy  to  make  the  resistance  of  a  coil  aerial  circuit  much 
smaller  than  the  resistance  of  the  ordinary  antenna  circuit  and 
thus  make  a  small  coil  as  effective  as  a  large  antenna.  A  small 
aerial  as  effective  as  a  large  antenna  can,  however,  also  be  sectu^d 
by  the  use  of  the  antenna-like  aerial  called  the  "condenser 
aerial." 

Heeding  these  principles  and  using  amplifiers  in  receiving,  radio 
aerials  can  in  the  future  be  nfuch  smaller  than  heretofore. 

(c)  The  relative  effectiveness  of  a  coil  and  antenna,  in  terms  of 
the  wave  length,  number  of  turns,  etc.,  is  given  by  formtila  (33) 
and  the  related  formtilas. 

((Q  A  coil  aerial  exhibits  antenna  action  as  well  as  coil  action, 
because  of  capacities  between  its  p^uls  and  sturotmdings.  The 
antenna  action  sometimes  overbalances  the  coil  action. 

(e)  The  advantage  of  the  coil  aerial  is  greatest  for  short  wave 
lengths.  It  is  consequently  likely  to  be  well  suited  to  airplane 
communication.  The  increasing  advantage  of  the  coil  as  a  trans- 
mitting aerial  as  the  wave  length  is  decreased  is  subject  to  the 
proviso  that  the  same  current  can  be  gotten  into  a  coil  as  into  an 
antenna.  In  fact,  the  whole  practical  problem  is  to  get  as  much 
current  as  possible  in  the  aerial. 

(/)  The  use  of  coil  aerials  at  both  receiving  and  transmitting 
ends  of  the  communication  is  partictilarly  suitable  for  short  waves, 
since  the  received  current  in  such  a  system  is  inversely  propor- 
tionail  to  the  cube  of  the  wave  length. 
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2.  maCSPAL  FORMULAS 

The  units  used  are  intemational  electric  units,  the  ordinary 

electric  tmits  based  on  the  ohm,  ampere,  centimeter,  and  second, 

except  where  otherwise  stated.    The  principal  symbols  are  the 

following: 

SjmboiUi 

i  » instantaneous  cturent. 

/o —maximum  value  of  current. 

/  =  effective  value  of  ctuxent. 

Ht » instantaneous  value  of  magnetic  field  intensity' 

Ho  » maximum  value  of  magnetic  field  intensity. 

H  —effective  value  of  magnetic  field  intensity. 

h    —  height  of  aerial 

d    *-  distance  along  earth's  stuiace  from  sending  aerial. 

6)    »  2  T  times  frequency  of  the  current. 

t     —time. 

X    —wave  length. 

c    —velocity  of  electric  waves —3  X  lo'*  cm  per  second. 

/     —horizontal  length  of  coil  aerial. 

N  -number  of  turns  of  wire  of  coil  aerial. 

a    —  length  of  side  of  square  coil. 

$    —phase  angle  between  values  of  field  intensity  a  distance  / 

apart  in  the  wave. 
C  —electric  field  intensity. 
E  —electromotive  force  in  receiving  aerial. 
i^  —  logarithmic  decrement  of  H  or  E. 
^   —magnetic  flux. 

R  —resistance  of  receiving  aerial  circuit. 
C  -capacity  of  receiving  aerial  circuit. 
L  —inductance  of  receiving  aerial  circuit. 

a    —  angle  between  direction  of  propagation  of  wave  and  plane  of 
coil. 

Subscripts :  s — sending,  r — receiving,  a  -  antenna,  c = coil. 

The  following  are  the  principal  formulas  presented  in  this  paper : 
Radiated  magnetic  field  intensity  from  an  antenna  or  condenser 


aerial: 


Radiated  magnetic  field  intensity  from  a  coil: 


H"—^  (8) 

10  Xo 


10      A*a 
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Received  current  in  an  antenna  or  condenser  aerial: 


/r-300. --^  (19) 


Received  ctnrent  in  a  coil: 


/r  =  60O.T       j^^  (23) 


Distance  correction  factor: 


F^  =  6-0000047  j=  (g) 


Decrement  correction  factor: 


'a=^  /      ,  6ooX«' 


Fa  =  ^  /^  ,  6ooXi'  (20) 

Direction  correction  factor: 

F,=cosa  (24) 

Antenna  to  antenna  transmission : 

J  188, hJhiB  f         V 

Antenna  to  coil  transmission: 

Coil  to  antenna  transmission: 

^' ^V3 (+^> 

Coil  to  coil  transmission : 

^^ ^v3 («) 

The  lengths  in  the  fotu:  preceding  formulas  may  be  in  any  tuiits. 
Meters  are  commonly  used.  Any  of  these  formulas  may  be 
expressed  in  terms  of  d.    For  example, 
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Distance  at  wliich  a  given  current  is  received  in  a  coil  for  a  given 
transmitting  ctirrent  in  an  antenna : 

Total  magnetic  field  from  an  antenna,  including  radiation  and 
induction : 

Relative  effectiveness  of  coil  and  antenna  for  same  height  and 
wave  length: 

-^-ATy  2/ 1  _cos  2Tj^j  C32) 

Ditto,  I  small  compared  to  X : 

J. -6.28  4  (33) 

Length  of  coil  aerial  equivalent  to  antenna  of  the  same  height.  . 

/=.o.i6^  (39) 

Ctutent  in  aerial  ^circuit: 

/r=f  (46) 

Voltage  across  condenser  in  aerial  circuit: 

^=&  (47) 

Coil  aerial  reception  factors: 

Emf  reception  factor  =-sr-  (51) 

Current  reception  factor  =^x-  (52) 

aWL 
Voltage  reception  factor  =■  -htt  (53) 


49^  Scientific  Papers  of  the  Bureau  of  Standards  {Vci.  is 

Radiation  resistance: 

^.=-(39.7  xj  (57) 

/2c«(i3.3?y^'  (61) 

3.    FUTURB  RESEARCH  NEEDED 

The  subject  of  research  on  electric  waves  can  be  considered  as 
barely  begun.  The  study  presented  in  this  article  has  revealed 
vast  and  most  interesting  problems  awaiting  solution,  which  can 
be  solved.  The  functioning  of  aerials,  both  in  transmitting  and 
receiving,  can  now  be  considered  as  roughly  understood.  Recent 
advances  in  radio  measurements  and  technique  open  the  way  to 
experiments  and  progress  which  will  bring  aebout  far-teaching  con- 
trol of  electric  waves.  A  few  of  the  detailed  problems  which 
border  on  the  subject  matter  of  this  paper  and  await  solution  will 
now  be  mentioned. 

Theoretical  Problems, — (a)  Develop  a  simple  and  straightforward 
derivation  of  the  radiated  field  from  a  coil,  directly  and  without 
considering  the  action  of  the  sides  separately  as  antennas. 

(6)  Work  up  an  explanation  of  the  mechanism  of  radiation  that 
brings  out  clearly  the  relation  of  the  radiation  to  the  induction 
field  and  shows  that  all  of  the  dielectric  current  is  effective  in 
causing  radiation,  which  shall  take  the  place  of  the  usual  expl^jia- 
tion  in  terms  of  the  snapping  off  of  lines  of  force. 

(c)  Determine  the  effects  of  the  phase  angle  between  different 
parts  of  the  dielectric  field  in  an  antenna  or  condenser  aerial, 
especially  the  long,  low  types. 

{d)  Develop  methods  of  measuring  radiation  resistance. 

(e)  Work  out  laws  of  variation  of  voltage  reception  factor  of 
coil  aerials,  and  laws  of  variation  of  both  cturent  and  voltage 
reception  factors  of  antenna  and  condenser  aerials.  Similarly, 
devdop  accurate  and  useful  transmission  factors. 

Experimental  Problems. — (a)  Determine  the  relative  effective- 
ness, over  a  very  wide  range  of  sizes,  wave  lengths,  etc.,  of  the 
various  types  of  aerials.  Do  this  by  (i)  direct  meastirements  to 
verify  transmission  formulas,  (2)  measurements  of  the  factors 
that  enter  into  the  reception  factors,  (3)  measurements  of  radia- 
tion resistance. 

(6)  Make  transmission  experiments  at  very  great  distances  over 
t3rpical  kinds  of  land,  to  obtain  distance  absorption  factors. 
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(c)  Try  out  condenser  aerials,  comparing  perfonnance  with 
transmission  fonnulas.  Build  such  aerials  with  mitiimnm  resist- 
ance. Dtaionstrate  the  nonradiating  nature  of  the  laboratory 
type  of  condenser,  comparing  it  with  condenser  aerials. 

{d)  Compare  trailing  wire,  condenser  aerial,  and  coil  aerial,  on 
airplanes. 

(e)  Find  out  how  directive  as  transmitting  devices  coil  and 
condenser  aerials  and  ''earth  antennas"  are;  measure  magnitude 
and  direction  of  field  at  various  distances  from  the  aerial,  at 
numerous  wave  lengths,  etc. 

(/)  Determine  relative  magnitudes  of  induction  and  radiation 
close  to  transmitting  aerials.  Determine  also  directions  of  fields, 
to  secure  complete  knowledge  of  phenomena  near  radiating 
systems. 

(g)  Measure  currents  in  ground  as  well  as  the  fields  above  the 
ground,  to  determine  how  wave  attaches  itself  to  the  ground. 

(h)  Study  distributed  capacities  in  coil  aerial  circuits  by  measur- 
ing current  at  different  points  in  circuit. 

(i)  Determine  values  of  antenna  effect,  and  develop  means  of 
controlling  or  eliminating  it  by  shielding  systems,  etc. 

(j)  Make  quantitative  investigation  of  receiving  systems  com- 
bining antenna  and  coil  aerial.  Measure  phases  of  currents. 
Determine  under  what  circumstances  the  indication  of  absolute 
direction  is  reversed  when  the  tuning  is  slightly  varied. 

(k)  Determine  effects  of  surrounding  objects  on  currents  in 
transmitting  and  receiving  aerials.  Measure  magnitude  and  phase 
of  currents  in  typical  cases. 

(/)  Develop  methods  of  connecting  generating  apparatus  to 
various  types  of  aerials  to  get  maximum  current  into  the  aerial, 
especially  at  short  wave  lenghts. 

Vm.    SUMMARY 

The  advantages  of  the  coil  aerial  as  a  direction  finder,  inter- 
ference preventer,  reducer  of  strays,  and  submarine  aerial  make 
it  important  to  know  how  effective  the  coil  aerial  is,  in  comparison 
with  the  ordinary  antenna,  as  a  transmitting  and  receiving  device. 
This  article  gives  the  answer.  Simple  formulas  are  worked  out 
from  fundamental  electromagnetic  theory,  by  which  the  per- 
formance of  any  aerial  can  be  calculated.  Experiments  have 
verified  the  formulas,  and  show  that  they  are  a  valuable  aid  in 
the  choice  and  design  of  an  aerial  to  fit  any  particular  requirement. 
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The  principal  formulas  are  of  three  kmds:  (i)  theoretical  for- 
mulas, giving  the  magnetic  field  intensity  at  any  distance  from 
either  kind  of  aerial  and  the  current  produced  by  a  given  field 
intensity  in  either  kind  of  aerial;  (2)  comparison  formulas,  giving 
the  ratio  of  performance  of  antenna  and  coil  aerial  under  various 
conditions;  (3)  and  transmission  formulas,  giving  the  current  in  any 
receiving  aerial  in  terms  of  the  current  in  the  distant  transmitting 
aerial. 

The  theory  and  nature  of  radiation  are  discussed,  and  applied 
to  the  elucidation  of  some  cturent  fallacies.  There  has  been  a 
vast  haziness  of  ideas  on  these  points.  The  distinction  between 
induction  fields  and  radiation  fields  is  presented.  It  is  shown 
that  the  receiving  action  in  any  kind  of  an  aerial  may  be  considered 
as  arising  either  from  the  electrostatic  or  the  magnetic  field  pres- 
ent in  the  wave.  Such  questions  are  discussed  as  the  distinction 
between  "open"  and  "closed"  circuits.  It  is  shown  that  a 
metallically  closed  circuit  can  radiate,  and  that  radiation  takes 
place  at  all  frequencies,  the  amount  of  radiation  being  greater 
the  higher  the  frequency. 

The  ratio  of  the  range  of  commtmication  obtainable  with  a  coil 
aerial  to  that  with  an  antenna  is  proportional  to  the  ntunber  of 
turns  and  horizontal  length  of  the  coil  and  is  inversely  proportional 
to  the  wave  length.  The  coil  aerial  is  hence  particularly  suited  to 
communication  on  short  wave  lengths.  A  coil  aerial  is  quan- 
titatively as  powerful  as  an  antenna  only  when  its  dimensions  ap- 
proach those  of  the  antenna.  However,  it  is  easy  to  make  the 
resistance  of  a  coil  aerial  circuit  much  smaller  than  the  resist- 
ance of  the  ordinary  antenna  circuit  and  thus  make  a  small  coil 
as  effective  as  a  large  anteima. 

A  small  aerial  as  effective  as  the  ordinary  antenna  may  be 
sectued  without  recourse  to  the  coil  principle  by  using  an  aerial 
consisting  of  a  condenser  having  two  large  parallel  plates,  arranged 
so  that  the  dielectric  of  the  condenser  includes  no  ground.  The 
circuit  of  such  an  aerial  may  be  made  to  have  a  very  low  resistance. 
It  appears  likely  that,  with  the  use  of  either  condenser  or  coil 
aerials  together  with  sensitive  amplifiers,  radio  aerials  will  in 
the  future  be  much  smaller  than  heretofore.  These  principles 
apply  with  particular  advantage  to  airplane  aerials. 

A  coil  aerial  usually  ftmctions  by  a  combination  of  the  pure 
coil  action  and  antenna  action.  The  latter  arises  from  the  stray 
capacities  and  capacities  to  ground  which  ^e  inevitably  present. 
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The  existence  of  these  capacities  may  be  shown  by  differences  in 
ammeter  readings  at  different  points  of  the  circuit.  The  antenna 
effect  makes  the  actual  received  current  in  experiments  with  coil 
aerials  larger  than  the  values  calculated  from  the  transmission  for- 
mulas. The  observed  values  are  also  affected  by  currents  in  neigh- 
boring objects. 

A  formula  for  the  radiation  resistance  of  coil  aerials  is  worked 
out.  Comparison  of  experiment  with  this  formula  supplies  ad- 
ditional evidence  that  the  coil  aerial  operates  by  a  combination 
of  antenna  and  coil  effects. 

The  fundamental  principles  of  design  of  aerials  are  given.  The 
various  modes  of  measuring  received  current  and  voltage  across 
the  condenser  are  discussed.  The  relations  of  these  two  quantities 
to  the  electromotive  force  acting  in  the  aerial  must  be  carefully 
observed  in  calculations  or  design.  Reception  factors  are  derived, 
to  which  the  received  current  or  voltage  are  proportional.  Ex- 
perimental data  on  the  functioning  of  aerials  may  be  secured  either 
from  actual  transmission  experiments  or  from  measurements  of 
the  quantities  which  enter  into  the  reception  factor. 

This  investigation  has  opened  up  a  large  and  most  interesting 
field  for  further  research.  Progress  in  the  control  and  utilization 
of  electric  waves  depends  on  the  investigation  of  such  theoretical 
and  experimental  problems  as  have  been  suggested  in  Section  VII, 
3  9  herein. 

Washington,  Jtme  18, 1919. 
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I.  INTRODUCTION 

Within  the  last  three  years  the  experimental  development  of  the 
three-electrode  electron  tube  as  a  generator  of  alternating  cur- 
rents has  been  carried  out  to  such  an  extent  that  the  device  is  at 
present  the  standard  source  of  supply  for  radio  telephone  and  tele- 
graph circuits  in  all  cases  where  extremely  high  power  is  not  re- 
quired. At  the  same  time  no  adequate  methods  have  been  evolved 
whereby  the  efficiency  and  power  output  of  such  a  generator  can 
be  stated  with  any  degree  of  accuracy  in  terms  of  the  electrical 
constants  of  the  tube  itself.  Several  analyses  of  the  general 
operation  of  electron  tube  generators  are  now  available.^.  But 
none  of  these  are  accurate  Plough  and  at  the  same  time  compre- 
hensive enough  to  allow  a  quantitative  prediction  from  the  two 
important  factors  in  power-tube  operation — opiate  voltage  and 
filament  emission — of  the  alternating-current  power  which  can 
be  developed  in  a  radio-frequency  circuit  of  known  resistance, 
inductance,  and  capacity.  Power  tubes  are  rated  in  watts  output 
and  watts  input  from  empirical  data  upon  circuits  adjusted  to 
particular  settings,  experimentally  determined,  for  maximum 
power  or  maximum  efficiency.  Such  ratings  give  no  intimation 
of  the  power  which  will  be  developed  by  the  tube  if  any  constant 
of  the  output  circuit  be  changed. 

^  J.  Bethenod,  Ltim.  Elect.,  Dec.  9.  19x6. 
G.  Valkniri,  I«'Blettrotecnica:  IT,  No.  3.  pp.  18, 19;  19x7. 
L.  A.  Haxeltine,  Proc.  I.  R.  B.,  April.  19x8. 
T.  Xlkuchi,  Proc.  Phytico-Mathematical  Society  ol  Japan,  Febniary,  19x9. 
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In  this  paper  a  method  of  analysis  will  be  presented  by  means 
of  which  it  is  possible  to  design  a  circuit  to  obtain  maximum  output 
from  a  given  tube,  or,  conversely,  to  select  a  tube  which  will  fur- 
nish with  reasonable  efficiency  its  maximum  power  to  a  particular 
output  circuit, 

n.  OSCILLATING  TUBE 

The  explanation  of  the  phenomena  taking  place  in  connectioii 
with  the  oscillations  generated  by  an  electron  tube  can  well  be  illus- 
trated by  the  diagrammatic  sketch  in  Pig.  i .    This  represents  the 


1 
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L-^VVW 


*-€> 


Fio.  I. — Direct-coupled  generating  circuii 

so-called  Hartley  circuit  which  is  typical  of  the  circuits  used  for 
the  ptirpose  of  generating  oscillations.  The  grid  and  filament  of 
the  tube  in  this  particular  circuit  are  connected  to  the  branched 
circuit  containing  inductance  and  capacity,  constituting  the  oscil- 
latory circtiit,  in  such  a  manner  as  to  include  a  portion  of  the 
inductance  of  that  circuit,  that  is  the  coil  L,.  Likewise  between 
the  plate  and  filament  of  the  tube  is  included  the  coil  Lp. 

Suppose,  first,  that  the  tube  is  not  generating  oscillations. 
Under  the  action  of  the  plate  battery  a  steady  current  will  flow 
from  the  plate  to  the  filament  inside  of  the  tube  and  from  filament 
to  plate  through  the  coil  Lp  in  the  external  circuit.  The  magni- 
tude of  this  current  will  vary  with  the  voltage  of  the  grid ;  it  can 
become  zero  when  the  grid  is  highly  negative  but  can  not  reverse 
in  direction.  Also  there  can  be  a  flow  from  grid  to  filament 
inside  the  tube,  the  current  returning  from  filament  to  grid 
through  the  coil  Lg  in  the  external  circuit.  This  latter  ciurent 
is  appreciable  only  when  the  grid  is  positive  with  respect  to  the 
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filament.    Except  for  effects  which  are  extraneous  to  this  treat- 
ment, this  current  is  also  unidirectional. 

When  the  tube  is  in  the  oscillating  condition  these  cturents 
will  not  be  steady,  but  will  become  pulsating.  The  pulsating 
currents  generated  by  the  tube  enter  the  circuit  from  the  filament 
and  leave  it  through  the  plate  and  grid  connections;  they  are  pul- 
sating, and  not  alternating,  on  account  of  the  unidirectional 
conductivity  between  filament  and  plate  and  filament  and  grid. 
The  circuit  Lg  Lp  C  is  resonant  to  the  fundamental  constituents 
of  these  pulsating  currents,  and  an  oscillatory  ctirrent  is  generated 
which  circtdates  around  this  branched  circuit,  flowing  in  series 
through  the  condenser  C  and  the  coils  Lp  and  Lg.  This  cmxent, 
which  will  be  called  the  output  ctirrent,  can  be  many  times  greater 
in  amplitude  than  either  of  the  pulsating  ctirrents.  The  pulsa- 
tions in  the  steady  current,  which  flows  during  the  static  condition 
from  the  filament  to  the  plate,  are  caused  by  periodic  variations 
in  the  potential  of  the  grid  with  respect  to  the  filament;  these 
variations  in  grid  potential  are  induced  in  the  grid  coil  Lg  by  the 
output  ciurent.  There  is  a  similar  voltage  induced  by  the  output 
current  across  the  plate  coil  Lp.  It  is  true  of  this  circuit,  and 
typical  of  any  circuit  for  generating  oscillations,  that  during  that 
portion  of  the  cycle  of  the  output  current  when  the  grid  is  positive 
with  respect  to  the  filament  as  a  result  of  the  voltage  induced  in 
the  coil  Lg,  the  voltage  drop  between  the  plate  and  filament  con- 
nections (across  the  coil  Lp)  is  such  as  to  oppose  the  voltage  of 
the  plate  battery  and  hence  to  reduce  the  voltage  acting  between 
filament  and  plate  in  the  tube.  Diarfng  the  other  part  of  the 
cycle,  when  the  grid  is  negative  with  respect  to  the  filament,  the 
voltage  acting  between  plate  and  filament  is  increased  above 
that  of  the  steady  voltage  of  the  plate  battery.  During  the 
portion  of  the  cycle  when  the  grid  is  positive  with  respect  to  the 
filament  current  flows  within  the  tube  between  the  grid  and 
filament,  and  this  current  increases  as  the  grid  becomes  more 
positive.  The  direction  of  the  current  flow  is  in  the  direction 
of  the  emf ,  that  is,  from  grid  to  filament  inside  the  tube  and  from 
filament  to  grid  outside  of  the  tube.  Ftirther,  as  the  grid  becomes 
positive  with  respect  to  the  filament,  there  is  a  resultant  increase 
in  the  current  flow  between  the  plate  and  filament  of  the  tube, 
even  though  the  plate  voltage  on  the  tube  is  being  reduced.  This 
increase  is  limited,  when  the  stable  oscillating  condition  has  been 
reached,  by  the  saturation  effect,  which  may  occur  at  lower 
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values  of  plate  current  than  that  corresponding  to  the  total  fila- 
ment emission,  owing  to  the  loss  of  electrons  to  the  grid. 

As  has  been  stated,  the  plate  current  wave  is  distorted  at  the 
other  extreme  of  the  cycle — ^that  is,  when  the  grid  is  negative — 
by  rectification  effects;  moreover,  the  grid  current  is  always 
pulsating,  and  is  zero  for  a  considerable  part  of  a  cycle,  while  the 
grid  is  negative.  Consequently  the  waves  of  current  supplied  to 
the  circuit  between  F  and  P  and  F  and  G  (Fig.  2)  are  each  com- 
posed of  a  direct  or  average  constituent,  a  fundamental  constitu- 
ent corresponding  in  frequency  to  that  of  the  output  ctnrent,  and 
a  number  of  higher  frequency  or  harmonic  constituents. 


tf 
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Fig.  3. — (huptU  drcuU 

The  useful  oscillating  output  current  depends  neither  upon  the 
direct  or  average  values  of  the  plate  and  grid  currents  nor  upon 
the  multiple  frequency  constituents ;  it  is  determined  solely  by  the 
fimdamental  constituents  of  these  cturents,  to  which  the  same 
considerations  as  regards  direction  and  phase  relations  apply  as 
have  been  roughly  stated  with  regard  to  the  distorted  cturent 
waves. 

Thus,  speaking  only  in  terms  of  the  useful  cmrent  constituents, 
a  sinusoidal,  alternating  current  flows  in  the  grid  circuit  in  phase 
with  the  alternating  voltage  across  the  coil  L^,  and  therefore  rep- 
resents a  witlidrawal  of  power  from  the  output  circuit,  which  power 
is  expended  within  the  tube.  On  the  other  hand,  a  sinusoidal, 
alternating  constituent  of  plate  current  flows  in  opposition  to  the 
voltage  across  the  coil  Lp;  this  means  that  power  is  being  supplied 
to  the  output  circuit  from  the  plate  circuit  of  the  tube.  As  will 
appear  later,  the  impedance  of  the  output  circuit  to  all  frequencies 
that  are  harmonic  multiples  of  the  fundamental  is  very  great; 
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hence  there  are  no  appreciable  multiple  frequency  constituents  of 
current  circulating  in  the  output  circuit,  and  the  alternating 
volti^es  across  the  coils  Lp  and  L^  are  in  all  cases  practically 
sinusoidal.  Consequently  the  useful  power  supplied  by  the  tube 
can  be  determined  in  terms  of  the  alternating  voltage  across  L^ 
and  the  ftmdamental  constituent  of  plate  current.  If  we  could 
n^lect  the  grid  current,  this  would  be  the  power  available  for 
dissipation  in  the  resistances.  As  the  output  ctirrent  increases 
the  amplitudes  of  the  alternating  voltages  across  the  plate  and 
grid  coils  increase  proportionately.  The  alternating  grid  current 
increases  more  and  more  rapidly,  as  the  amplitude  of  the  plate 
voltage  becomes  larger.  On  this  accotmt  the  power  loss  to  the 
grid  increases.  The  power  supplied  by  the  plate  increases  with 
^increasing  plate  voltage,  but  as  the  grid  voltage  increased,  the 
effective  saturation  current  is  reached  when  the  grid  is  positive, 
and  the  plate  current  becomes  zero  for  an  appreciable  part  of  the 
cycle  when  the  grid  is  n^ative;  consequently  a  continued  increase 
in  the  amplitude  of  the  output  current  results  chiefly  in  an  in- 
crease in  the  harmonic  constituents  of  plate  current  without 
greatly  increasing  the  fundamental.  Obviously,  then,  a  condition 
of  stability  ensues  when  the  power  supplied  by  the  ftmdamental 
of  plate  current  minus  the  power  dissipated  by  the  fundamental  of 
grid  current  is  just  equal  to  the  power  dissipated  by  the  output 
current  in  jR,,  /?p,  and  R^.  ^    '^ 

m.  DERIVED  CHAIUICTERISTIC 

The  first  quantitative  measurements  that  must  be  made  upon 
a  tube  are  measurements  of  the  plate  and  grid  currents  which  flow 
when  different  plate  and  grid  voltages  are  applied  to  the  tube.  It 
is  evident  from  the  arrangement  of  the  output  dtcuit,  Pig.  2, 
that  i^p  and  ^e^,  the  instantaneous  values  of  the  voltage  induced 
by  the  output  current  in  the  plate  and  grid  coils,  are  not  only  op- 
posite in  sign  with  respect  to  the  neutral  filament,  but  are  at  all 
times  in  the  same  ratio  of  magnitudes  as  the  ratio  of  inductance 
of  the  plate  and  grid  coils.  If  we  define  n  =  I^/Lg,  then  at  any 
instant  during  a  cycle  of  output  current  ,Cp-n  .e^,  assuming 
these  voltages  to  be  caused  entirely  by  the  output  current.  Thus 
it  is  possible  to  apply  steady  voltages  to  a  tube,  to  vary  these 
voltages  step  by  step  maintaining  the  same  ratio  as  during  an  ac- 
tual oscillation  and  to  meastu'e  the  instantaneous  values  whidi 
the  plate  and  grid  currents  will  assume  during  an  oscillation. 
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Ctirves  showing  the  plate  aad  grid  ctirrents  as  explicit  functions 
cf  the  grid  voltage,  taking  account  of  the  simultaneous  changes 
in  plate  voltage  which  would  occur  if  these  currents  supplied  an 
output  circuit  having  a  given  ratio  of  coupling  reactances  are 
called  the  derived  characteristic  of  a  tube.  This  term  was  pro- 
posed by  Hazeltine/  who  also  originated  the  idea  of  a  constant 
ratio  of  plate  and  grid  voltages  while  a  tube  is  in  oscillation.  Ac* 
cording  to  his  method  the  characteristic  is  plotted  by  making 
successive  changes  in  a  steady  value  of  6g,  the  voltage  applied  to 
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Flo.  3. — Derived  ckaracteristie 

the  grid  of  the  tube,  at  the  same  time  making  changes  in  ep,  the 
voltage  applied  to  the  plate,'  opposite  in  direction  and  equal  in 
magnitude  to  n  Cg,  $nd  by  measuring  the  residting  values  of  ig 
and  ip.  Such  a  derived  characteristic  is  shown  in  Fig.  3,  plotted 
for  a  type  VT-ie  timgsten-filament  tube  starting  from  the  oper- 
ating point  determined  by  a  steady  plate  voltage  of  300  and  grid 
voltage  of  zero.  A  battery  of  small  resistance  was  connected  be- 
tween filament  and  grid,  and  with  each  increase  in  the  potential  of 

*  L.  A.  Hazehme,  loc.  dt. 
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the  grid  ab6ve  that  of  the  filament  the  voltage  of  the  plate  battery 
was  decreased  by  an  equal  amount,  while  for  each  reduction  in  • 
the  grid  voltage  below  that  of  the  filament  the  plate-battery  volt- 
age was  increased.    Hence  this  characteristic  is  applicable  to  any 
circuit  in  which  n  —  I . 

The  value  of  a  derived  characteristic  obtained  in  this  manner 
as  an  indication  of  the  grid  and  plate  currents  during  an  actual 
oscillation  depends  upon  (i)  the  equality  of  the  output  current 
through  the  two  branches  of  the  output  circuit  from  filament  to 
plate;  and  (2)  the  constancy  with  which  a  phase  difference  of  180^ 
is  maintained  between  voltages  of  plate  and  grid  with  respect  to 
the  filament. 

In  the  subsequent  sections  the  following  points  will  be  dis- 
cussed: 

1.  A  method  for  obtaining  from  the  Hazdtine  derived  char- 
acteristic the  power  characteristics  of  the  tube. 

2.  The  appUcation  of  these  power  characteristics  in  determining 
the  current  output  in  a  circuit  of  known  capacity  and  resistance. 

3.  Experimental  restdts  upon  an  oscillating  circuit  justifying 
both  the  Hazeltine  characteristic  and  the  application  thereof. 

IV.  POWER  OUTPUT 

In  the  circuit  shown  in  Fig.  i  tp,  ig,  and  i^  are  the  instantaneous 
values  of  the  plate>  grid,  and  antenna  or  output  currents,  respec- 
tively, while  Eb  is  the  steady  voltage  of  the  plate  battery  and  ^e^ 
and  i^p  are  the  instantaneous  values  of  the  alternating  voltages 
across  the  grid  and  plate  coupling  coils.  Rp  and  Rg,  the  resistances 
'  of  the  coupling  coils,  are  small  compared  with  the  reactances  of 
these  coils,  so  the  alternating  plate  and  grid  voltages  can  be  con- 
sidered as  due  only  to  the  reactances  of  these  coils,  justifjdng  the  . 
definition  of  n  by  the  ratio  Lp/L«. 

Let  a  derived  characteristic  of  the  tube  be  plotted  for  this  value 
of  n.    Then  ip  and  ig  are  known  as  explicit  functions  of  eg. 

H^4>{eg)  .  . 

H'-iieg)  ^'^ 

Make  the  assumption,  which  will  be  justified  later,  that  u  is  un- 
distorted  and  hence  ^eg  is  a  pure  sinusoid,  of  the  form: 

jCg  —  lEg  sinojf 
Then  ip  —  0(iE»  sin  id) 

and  ig^}p  {J£g  sin  (d) 

137328**— 19 2 


504  Scientific  Papers  of  the  Bureau  of  Standards  [vei.  15 

Whatever  the  form  of  the  0  and  ^  ftinctions,  the  wave  forms  of  i^ 
and  ig  will  be  symmetrical  with  respect  to  ir/2from6)/-oto  ot^-t, 
and  also  with  respect  to  3ir/2  from  w/  — ir  t0  6^»2T.  This  indi- 
cates that  the  phase  angles  of  all  harmonic  constituents  of  ip  and 
ig  are  alternately  o  and  90®  with  respect  to  the  fmidamental,  the 
frequency  of  which  is  that  of  the  grid  voltage, «.    That  is: 

ip  =  o/p  +Jp  sin  ctf^  +  ^p  cos  2(at+  •  •  •  •  jk-i/p  sin  (2ife  — i)arf  + 

,k/p  cos  2kwi-  -  (3) 

ig  =  Jg  +  Jg  sia<»>t+^g  cos  20)/ H jk.,/,  sin  (2k—i)oi>t  + 

ikig  cos  2kwt — 

The  current  in  the  output  circuit  will  be  of  the  form: 

ia  =  ih  sin  (at  +  /»  cos  2«/ jk-i/a  sin  {2k  —  i)w/  +  (4) 

3k/ft  cos  2kwt — 

In  order  for  ^eg  to  be  approximately  sinusoidal  the  amplitude 
of  any  harmonic  constituent,  k/a,  must  be  small  compared  with 
the  amplitude  of  the  fundamental  J^.  It  is  found  in  practice 
that  the  instantaneous  values  of  ip,  given  by  ip  =  0(LgCi)»/j|  sin  od) 
differ  from  those  given  by  ip =<A[^r«(i/a  sin  <at+J^  cos  201^ — )]  by 
an  amount  less  than  the  experimental  errors  introduced  in  plotting 
the  derived  characteristic  which  determines  the  0  function. 
(Equation  i.) 

The  amplitude  of  any  constituent  of  the  output  current,  k/a, 
can  be  calculated  in  terms  of  the  amplitude  of  the  same  con- 
stituent of  the  plate  and  grid  currents,  k/p  and  ^Ig,  by  considera- 
tion of  the  impedance  of  the  output  circuit  to  that  frequency,  ha. 
For  the  present,  however,  we  shall  consider  only  the  constituents 
which  determine  the  input  and  the  useful  output.  These  con- 
stituents are  o/p,  i/p,  and  Jg,  the  direct  component  of  the  plate 
ctirrent,  the  sinusoidal  fundamental  constituent  of  the  plate  cur- 
rent, and  the  fundamental  constituent  of  the  grid  current,  respec- 
tively. Assuming  sinusoidal  plate  and  grid  voltages,  these  con- 
stituents can  be  calculated  directly  from  the  derived  character- 
istic by  any  method  of  approximate  harmonic  analysis.  Fig.  4 
shows  i/p,  o/p,  and  Jg  as  functions  of  ,E„  the  amplitude  of  the 
grid  voltage.  The  points  on  these  curves  were  obtained  for  a 
given  value  of  ^Eg  by  calculation  from  a  number  of  measured 
ordinates  of  the  characteristic,  Fig.  3,  equally  spaced  throughout 
a  cycle  which  ig  and  ip  would  pass  as  lEg  sin  (ot  traverses  a  com- 
plete cycle.  It  is  not  necessary  to  plot  the  actual  current  waves 
in  order  to  space  these  ordinates  equally.     If  18  ordinates  be 
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used,  they  can  be  measured  directly  upon  the  characteristics  at 
values  of  eg  given  by  ^Eg  sin  T/9,  ^E^  sin  2ir/9,  ,E,  sin  x/j,  etc. 

The  curves  of  Fig.  4  are  sufficient  to  indicate  the  power  output 
and  efficiency  which  can  be  obtained  from  this  tube  in  any  output 
circuit  for  which  »-=»i,  the  tube  being  operated  at  300  volts 
steady  plate  potential  and  i  .35-ampere  filament  cturent. 


Fto.  4. — Fundamental  current  amplitudes 

The  effective  power  supplied  by  the  plate  battery  is  EbXjp* 
o/p  is  actually  the  reading  of  a  d.  c.  ammeter  connected  in  series 
with  the  plate  battery,  since  all  of  the  alternating  constituents  are 
pure  sinusoids,  symmetrical  with  respect  to  </p.  The  power  out- 
put from  the  tube  can  be  determined  either  in  terms  of  the  output 
current  aiid  the  resistance  R'^Rp+Rg+Ro,  or  in  terms  of  the 
alternating  plate  and  grid  voltages  associated  with  the  funda* 
mental  constituent  of  the  plate  and  grid  currents. 

In  terms  of  the  plate  and  grid  voltage  the  effective  power  output 


is 


—  H  i-Crpi/p     ihgilg  1 


Substituting  ^Ep = n^Eg : 


The  power 


i'.-'4<,/.-i./.)-5f<,/.-iA) 

awn  from  the  plate  battery  is 


(5) 


<6) 
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Hence  the  efficiency,  for  any  inductively  coupled  output  ciicutt»  is 

It  might  be  supposed  that  the  maximum  possible  power  is 
obtained  from  the  tube  when  the  plate  voltage  is  reduced  to  zero 
at  each  oscillation;  that  is,  when  i£p«Eb.  If  Jg  could  be 
neglected,  this  wotdd  be  the  criterion  for  maximum  output. 
However,  it  is  characteristic  of  electron  tubes  employing  a  pure 
electron  discharge  that  the  factor  (Jp-i/njg)  decreases -more 
rapidly  than  nEg  increases,  for  any  value  of  n,  as  i£p  approaches 
Eb  in  amplitude. 

It  is  possible  to  get  50  per  cent  efficiency  from  a  tube  if  n  be 
so  chosen  that  ixh-xljn)  -Jp  when  jEg^EJn.  Physically  this 
implies  that  the  fundamental  constituent  of  the  plate  current 
must  be  greater  by  an  amount  Jg/n  than  the  direct-ctirrent  con- 
stituent; that  is,  the  plate  current  wave  must  be  flattened  at 
both  extremes  of  the  alternation.  It  is  a  familiar  experimental 
fact  that  a  highly  distorted  or  flattened  wave  of  plate  current 
leads  to  high  efficiency,  though  not  necessarily  to  high  output. 
The  ultimate  criterion  of  the  output  is  given  by  equation  (5), 
and  it  is  impossible  to  make  any  accurate  generalizations  concern- 
ing maximum  output  without  analjrtical  expressions  for  the  char- 
acteristic surfaces  of  both  plate  and  grid  currents.  It  is  conceiv- 
able that  with  values  of  n  greater  than  i ,  with  a  high  plate-battery 
volts^e,  and  with  a  negative  potential  applied  to  the  grid»  an 
efficiency  greater  than  50  per  cent  might  be  obtained. 

By  reference  again  to  Pig.  4  it  can  be  seen  that  for  this  par- 
ticular tube,  working  at  a  plate  voltage  of  300  and  supplying  any 
output  circuit  for  which  n  » i ,  maximum  output  will  be  obtained 
at  plate  and  grid  voltages  considerably  smaller  than  £0.    The 

maximum  value  of  the  function  -i— ^  d/p  —  Jg/n)  occurs  at  ^Eg  =  1 90, 

when  Po — 4.37  watts.  The  maximtun  efficiency  occurs  at  approxi- 
mately the  same  point  and  is  29.5  per  cent.  It  does  not  follow 
from  this  that  the  maximtun  efficiency  occurs  at  the  point  of 
maximum  output  for  any  other  value  of  n  or  of  E^.  Without 
changing  £b  the  tube  could  be  operated  more  efficiently  with  a 
higher  value  of  n.  In  general,  it  is  found  that  a  tube  operated 
at  high  plate  voltages  yields  a  large  fundamental  of  plate  current 
relative  to  the  direct  constituent,  owing  to  the  increased  flattening 
of  the  wave  form  due  to  saturation  and  rectification  effects. 
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Hence  operation  at  higher  voltage  on  the  plate  of  this  tube  would 
give  increased  output,  owing  to  the  decrease  in  Jg  which  accom* 
panies  high  values  of  £bi  and  increased  efficiency,  due  both  to  this 
and  to  the  saturation  effect. 

V.  CURRENT  OUTPUT 

The  current  characteristics  of  the  generator,  such  as  are  shown 
on  Fig.  4,  are  entirely  adequate  for  the  prediction  of  the  maxi- 
mum power  and  efficiency  that  a  tube  is  capable  of  delivering. 
In  order  to  determine  whkt  constants  of  the  output  circuit  will 
give  the  maYJmum  output,  an  analysis  of  this  output  circuit  is 
necessary.  The  plate  and  grid  voltages  depend  upon  the  funda- 
mental constituent  of  the  output  current  j/a,  which,  in  turn, 
depends  upon  ^/p,  the  fundamental  constituent  of  the  plate  cir- 
cuit. In  order  to  calculate  the  actual  current  in  the  output  circuit 
which  wUl  dissipate  the  power  furnished  by  the  tube,  this  circuit 
must  be  correlated  with  the  tube  circuit  so  as  to  express  the  output 
characteristic,  using  as  a  parameter  a  variable  of  the  output 
circuit  instead  of  one  of  the  exciting  voltages.  Thus  we  can 
derive  from  the  general  output  characteristic  of  the  tube  a 
particular  supply  characteristic  for  the  output  circuit. 

Consider  the  circuit  shown  in  Fig.  2,  which  is  merely  the  output 
circuit  of  the  inductively  coupled  system  shown  in  Fig.  i .  Speak- 
ing again  only  in  terms  of  the  sinusoidal  fundamental  constituents 
j/p  enters  the  circuit  at  P,  divides  between  the  path  Lp  Rp  on  one 
side  and  the  path  Ro  C  RgLgOn  the  other  side,  leaving  the  circuit 
at  F.  Similarly,  j/g  enters  the  circuit  at  G,  divides  between 
Rg,  Lg,  and  C,  jRo,  Rp,  Lp,  leaving  the  circuit  at  F.  The  funda- 
mental of  plate  current,  Jp,  maintains  a  circulating  current  in  the 
output  circuit,  i/p',  in  comparison  with  which  Jp  itself  may  be 
negligibly  small,  if  the  series  resistance,  R^Rg+Rp-^-Rc,  be  small 
compared  with  the  effective  resistance  of  the  divided  circuit 
between  F  and  P.  If  the  current  distribution  in  the  circuit  be 
determined  only  by  the  reactances — ^that  is,  if  the  resistance  of 
each  branch  of  the  circuit  be  small  compared  with  the  reactance  of 
that  branch — ^the  current  j/p'  will  be  equal  in  all  parts  of  the 
circuit.  Similarly,  the  fundamental  of  grid  current  maintains  in 
the  parallel  circuit  between  G  and  F  a  circulating  current  j/g', 
which  opposes  Jp^  in  all  branches  of  the  circuit.  The  useful  out- 
put current  can  be  thought  of  as  the  difference  between  these 

7  =  7'—/' 
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A  convenient  method  of  calculating  the  output  current  is  the 
loss  method,  which  was  employed  by  Hazeltine '  in  considering 
briefly  the  entire  distorted  plate  current  wave.  The  net  power 
supplied  to  the  drctiit,  taking  account  of  the  grid  losses,  expressed 
above  by  the  opposition  of  J^'  to  j/p',  is  given  by  equation  (5) : 

Po  can  be  obtained  graphically  as  a  f imction  of  Eg  from  the  current 
characteristic  (such  as  Fig.  4) . 

Po  =  /  G^ir)  (8) 

But  iEg'=LgCi)J^ 

«  Lg  _  ,. 

V(L,+Lp  +  2M)C»^*  ^^^ 

Moreover,  Po'^ih^R.  (10) 

where  R^Rp-^Rg+Rc.    Eliminating  j/^  by  substitution  from  (io) 
in  (9)- 


lEg'^Lg^' 


RC  (Lp+Lg  +  2M)  (11) 

also  Po«/G£:,)  (8) 

A  simultaneous  graphical  solution  of  these  two  equations  gives 
Po,  the  power  output,  as  a  function  either  of  the  resistance'  or  of 
the  capacity  in  the  output  circuit. 

Po=/'(0,^ -const  . 
Po^f"  (i?),C -const. 

Since  ih^-J-^  the  output  current  follows  immediately  as  a 

function  of  the  variables  of  the  output  circuit. 

In  making  a  numerical  proof  of  the  foregoing  theory  for  the 
tube  described  by  the  characteristics  of  Fig.  4  a  slightly  different 
method  of  attack  was  used  in  order  to  facilitate  the  calculation 
of  the  various  harmonic  constituents  of  the  output  ciurent.  The 
principal  harmonics  have  been  calculated  and  measured  in  order 
to  indicate  the  insignificance  of  the  error  involved  in  asstuning 
sinusoidal  plate  and  grid  voltages  for  a  determination  of  the 
output  characteristics. 

•Locdt. 
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In  the  circuit  of  Fig.  2  let  Lp=Lg;  then  n  —  i  and  Fig.  4  leads 
to  an  expression  of  the  power  which  the  tube  will  develop  in 
this  circuit.  As  a  further  simplification  make  M^^O,  the  mutual 
between  Lp  and  Lg.  Then  the  equation  for  the  power  output 
reduces  to  / 

P  -1^  r/  -  /  'i 

and  we  can  consider  this  circuit  as  being  driven  by  an  effective 
supply  ctirrent,  j/e,  which  is  the  difference  between  the  funda- 
mental of  plate  current  and  the  fundamental  of  grid  current. 

Similarly,  for  any  harmonic  constituents  of  the  plate  and  grid 
currents,  the  effective  current  is 

k/e  —  k/p  —  k/g. 

Any  constituent  of  the  circulating  output  current  can  be  found  as 
the  high-amplitude  components  of  Je  which  flow  through  either 
branch  of  the  divided  circuit  between  F  and  P  (Fig.  2).  Ob- 
viously if V^p* + Lp*«*  =  -^Rg^+L^gO)^  the  effective  supply  current 
can  be  treated  as  if  applied  to  the  output  circuit  between  F  and  G 
or  between  F  and  P.  In  either  case,  if  we  assume  that  the  resist- 
ances of  the  separate  branches  are  small  compared  with  the 
reactances,  a  consideration  of  the  relative  impedances  of  the 
inductance  branch  and  the  inductance-capacity  branch  of  the  out- 
put circuit  leads  to  the  equality  of  any  individual  constituent 
of  the  output  current  in  all  parts  of  the  output  circuit,  a  fact 
mentioned  previously  in  connection  with  the  ftmdamental  alone. 
If  m/»  be  the  kih  frequency  constituent  of  the  output  cturent 
flowing  through  the  capacity  branch  of  the  circuit,  then  k/,  is 
related  to  the  feth  constituent  of  the  effective  supply  current  by 
the  relation 


^'  V^.(^-5^j 


(12) 


assuming  that  the  total  impedanoe  of  either  of  the  coupling  coils 
is  klM.    This  is    justifiable  even    when    k—i.    Sid>stituting 

a  •=  -;===  this  reduces  to 

„h  k 


V(*-0Hi^)" 
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For  all  harmonic  constituents  i  — rr—  )    is  insignificant  compared 
with  (  *  —  T  )  ^"^^  ^^^  reduces  to 

For  the  fundamental  constituent  ife  =  i ,  -j—  becomes  important* 
and  the  output  ciurent  is  given  by 


•         2JL.W  T 


(14) 


An  immediate  deduction  from  these  expressions  is  that  the  ratio 
of  the  fundamental  in  the  antenna  to  any  harmonic  is  practically 
inversely  proportional  to  the  antenna  resistance.  In  other  words, 
the  impedance  of  the  output  circuit  to  the  fundamental  constituent 
of  the  supply  current  is  merely  the  resistance  of  the  circuit,  while 
the  resistance  forms  an  insignificant  part  of  its  impedance  to  all 
harmonics.  A  small  change  in  R  tlms  makes  a  large  change  in  the 
ftmdamental  constituent  relative  to  the  corresponding  change  in 
the  harmonic. 

i/e  is  known  empirically  from  the  curves  of  Fig.  4  as  a  function 
of    the    grid   voltage    amplitude:   ile^fdEg).     But    ^E^^ImJ^ 

— ^-^/ft.     Eliminating  J^  between  this  and  equation  (14)  : 

also—  t  i/e  =  /(i^r)  (i  5)b 

Voltage  characteristics  of  the  output  circuit  showing  E^  and  £p 
as  functions  of  the  resistance  and  capacity  are  furnish^  by 
graphical  solutions  of  these  equations.  Fig.  5a  shows  such  solu- 
tions for  constant  resistance  and  variable  capacity  and  Fig.  56, 
for  constant  capacity  and  variable  resistance,  for  a  circuit  in  which 
L  =0.365  millihenries,  jR  =  2.20  ohms,  and  C  =  5.35  millimicro- 
farads.  These  inductance  and  capacity  values  give  a  range  of 
fundamental  wave  lengths  of  3000  to  10  000  meters,  which  are  large 
enough  to  make  the  capacitive  reactance  of  the  plate  and  grid 
coils  insignificant  compared  with  their  inductive  reactance.    The 
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graphical  solutions  are  accomplished  by  plotting  equation  (15b) 
from  the  output  characteristic  of  Fig.  4,  by  direct  subtraction  of 
Jg  from  i/p  and  by  plotting  equation  (15a)  for  a  number  of  values 
of  C,  at  a  constant  value  of  Ry  and  for  a  number  of  values  of  R 
at  a  constant  value  of  C  The  points  of  intersection  of  these 
straight  lines  with  the  empirical  ftmction  (15b)  give  £,  as  a  func- 


tZO       MO       f60 


/ZO        MO       /M 

£^  in  Volts, 

Fio.  5. — Graphical  soluiions 

tion  of  the  output  capacity,  and  again,  as  a  function  of  the  output 
resistance.  These  are  shown  upon  Fig.  6,  the  ctirves  6a  being 
derived  from  5a,  and  66  from  56. 

With  the  voltage  characteristics  as  the  connecting  link  between 
tube  and  output  circuit,  the  .effective  supply  current  Je  can  be 
shown  as  a  ftmction  either  of  the  resistance  or  of  the  capacity  in 
the  output  circuit;  this  might  be  termed  a  current  supply  char* 
acteristic  for  this  particular  output  circuit,  contrasted  with  the 
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output  characteristics  of  the  generator  (Fig.  4)  which  are  appli- 
cable to  any  output  ch-cuit.  The  current  supply  characteristic  is 
shown  in  Fig.  7  for  two  values  of  antenna  resistance,  jR  =  7.i5 
ohms,  and  i?  —  3. 1 5  ohms,  and  variable  capacity.  The  effect  of 
increasing  the  antenna  resistance  is  to  make  the  maximtun  output 
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'Voltage  characteristici  of  output  circuit 


from  the  tube  occur  at  lower  capacity  values.  Upon  Fig.  7  are 
shown,  for  purposes  of  comparison,  the  numerical  values  of  Jtp 
J[^y  ih,  j/e.  The  harmonic  constituents  of  plate  and  grid  currents 
were  calcxilated  from  the  derived  characteristic  of  Fig.  3  following 
the  same  method  employed  for  the  fundamental  constituents, 
k/p  and  )Jg  were  subtracted  algebraically  and  the  resulting  k/e 
plotted  as  a  function  of  C  for  one  value  of  i?,  i?«3.i5  ohms,  by 
virtue  of  the  voltage  characteristic.  Fig.  6a. 
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The  output  currents  for  various  capacity  values  follow  imme- 
diately from  the  supply  characteristic  by  substitution  in  equations 
(13)  and  (14).  In  Fig.  8  are  shown  theoretical  curves,  of  output 
current,  calculated  in  this  manner.  The  points  marked  by  circles 
show  actual  hot-wire  ammeter  readings,  multiplied  by  V^y  observed 
in  a  circuit  having  these  constants,  and  supplied  by  the  tube  for 
which  output  characteristics  shown  on  Fig.  4  had  been  obtained. 
The  calculated  and  experimental  results  check  quite  closely,  in 
view  of  the  difficulties  encountered  in  reproducing  exactly  the 


^9 ~T7 33" 

Capac/yy  in  Mifih  Microfarad^. 
Flo.  i^^^upply  current  characUrislics 

operating  condition  of  the  tube  from  one  set  of  measurements  to 

the  next. 

It  is  a  matter  of  experience  that  in  any  output  circuit  in  which 

R 
the  ratio  -= —    <  i  the  harmonics  are  practically  insignificant  in 

their  effect  upon  a  hot-wire  ammeter.  Consequently  the  readmgs 
of  such  an  instrument  can  be  taken  as  a  true  indication  of  the 
amplitude  of  the  fundamental. 

Upon  Fig.  8  are  shown  calculated  amplitude  curves  for  the 
double  and  triple  harmonics  at  i?  »  3.1 5  ohms.  The  highest  value 
reached  by  any  harmonic  is  3  per  cent  of  the  fundamental  at 
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points  well  below  maximum  output.    At  maximum  output  all 
harmonics  are  entirely  negligible. 

Upon  Fig.  9  are  shown  calculated  curves  for  the  double,  triple, 
quadruple,  and  quintuple  frequency  harmonics,  at  a  resistance  of 
3.15  ohms.  These  curves  were  calculated  by  substitution  from 
Fig.  7  in  equation  (13).  Measurements  of  the  harmonics  were 
made  by  the  following  method:  A  standard  wave  length  circuit 


'£f9d  Ortter  harmonic    I  | 

)r3ni  Order  Hormonic 
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Capacity  in     A/////-  micro'f^froda 
Fio.  S,— Output  currents 


.» 


^^       40 


with  a  4-ohm  vacuum  thermoelement  was  coupled  to  a  small  wire 
loop  connected  in  series  with  the  output  capacity.  The  wave 
meter  was  ttmed  to  resonance  with  the  various  harmonic  fre- 
quencies and  the  currents  induced  at  these  frequencies  measured; 
then  with  the  same  coupling  and  a  suitable  noninductive  resist- 
ance in  series  with  the  thermoelement  the  wave  meter  was  tuned 
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to  resonance  with  the  fundamental.  The  resistance  of  the  stand- 
ard circuit  being  accurately  known,  the  voltages  induced  in  this 
circuit  at  the  fundamental  and  at  the  harmonic  frequencies  could 
be  computed.  These  voltages  indicate  the  relative  amplitudes 
of  the  harmonic  constituents  of  the  output  current,  provided  that 
accotmt  is  taken  of  the  change  in  frequency  from  fundamental 
to  harmonic.  The  relative  amplitudes  of  the  harmonics  with 
respect  to  the  fundamental  being  known,  then-  absolute  ampli- 
tudes could  be  calculated  from  the  deflections  of  the  hot-wire 
ammeter  in  the  output  circuit,  assuming  these  to  be  due  entirely 
to  the  fundamental.    The  double  and  triple  harmonics  are  the 


7j 73^ Z2r— es Tinr 3r 

Fto.  9. — Harmonic  consUtuenis  of  output  currents 


only  ones  of  any  importance  in  the  output  circuit,  owing  to  the 
extremely  high  impedance  of  this  circuit  to  the  higher  multiples 
of  the  fundamental  frequency. 

Upon  Figs.  10  and  1 1  are  shown  power  and  efficiency  curves  for 
the  output  circuit,  giving  the  input  on  the  tube  and  the  output 
power  as  functions  of  the  capacity  for  constant  resistance,  and  of 
the  resistance,  for  constant  capacity.  The  calculated  ctuves 
were  obtained  by  multiplying  ,/«  and  ^Ep  as  obtained  from  Fig.  4, 
and  expressing  these  products  as  f  tmctions  of  the  constants  of  the 
output  circuit  by  the  use  of  the  voltage  characteristics  (Fig.  6). 
This  process  is  equivalent  to  taking  the  theoretical  expression 
for  |/a,  equation  (13),  squaring,  and  multiplying  by  the  resistance. 
The  measured  values  of  power  were  calculated  from  the  hot-wire 
anmieter  readings  shown  on  Fig.  8. 
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It  must  not  be  inferred  from  the  foregoii^  discussion  that  this 
analysis  is  recommended  for  use  in  toto  as  a  method  for  testing 


/«         /t         /4         /6       "TS        «0        22        M        Zk        »        90       ST 
Cofdtjf  in   M/fh'*mitrotom4s 

FlQ.  lo.^-'Power  output-constant* tMstanct 

and  rating  electron  tubes.     It  is  a  cumbersome  process  to  cany 
through  the  calculations  from  the  derived  characteristic  of  the 


*f         6         7".       a        9 

ffcs/ztanct.  in  Ohm& 


To      u       li      /3      W 


Flo.  XX. — Power  output — Constant  capacity 

tube  to  the  output  cturent  as  a  f miction  of  the  output  resistance 
and  capacity. 
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Experimental  work  is  now  in  progress  upon  a  method  for  obtain- 
ing by  direct  measurement  the  current  characteristics  of  power 
tubes,  as  shown  on  Fig.  4.  This  will  make  unnecessary  the  use 
of  harmonic  analysis  of  the  derived  characteristics.  The  tube 
under  test  is  excited  by  60-cycle  sinusoidal  grid  and  plate  voltages 
and  mechanical  resonance  with  this  frequency  is  attained  with  a 
vibrating  system  which  gives  direct  readings  of  the  amplitudes 
of  the  fundamental  constituents  of  the  ptdsating  plate  and  grid 
currents.  The  power  output  from  a  tube  can  thus  be  predeter- 
mined as  a  function  of  n  and  of  ^Eg  for  different  operating  con- 
ditions of  filament  emission  and  plate  voltage.  The  results  of 
such  measurements  for  a  variety  of  tubes  will  be  given  in  a  later 
paper. 

The  author  desires  to  express  appreciation  of  the  assistance  of 
H.  A.  Snow  of  this  Bureau  who  made  most  of  the  measurements 
described  in  this  paper. 

Washington,  July  11,  1919. 
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L  INTRODUCTION 

The  method  of  demonstrating  the  structure  which  exists 
in  any  particular  metal  or  alloy  at  high  temperatures  by  etching 
a  polished  sample  while  it  is  being  heated  at  the  desired  tempera- 
ture is  quite  familiar  to  metaUographists.  The  usual  method  of 
procedure  ^  is  to  heat  the  specimen  previously  polished  for  micro- 
scopic examination  in  a  neutral  atmosphere  (hydrogen  or  nitrogen) 
to  the  desired  temperature,  then  to  adnnt  the  etching  gas  (chlorine, 
hydrochloric  acid,  or  similar  gas)  for  a  few  seconds,  and  after 
flushing  out  the  etching  gas  with  the  neutral  one,  and  finally  to 
cool  the  specimen  in  the  neutral  atmosphere.  The  etch  pattern 
produced  by  etching  at  any  definite  temperature  is  usually  taken 
as  a  record  of  the  microstructure  which  prevailed  at  fbsct  tem- 
perature. It  has  been  pointed  out  frequently  that  changes  in 
composition  of  the  surface  metal  occur  during  the  preliminary 
heating  in  the  neutral  atmosphere,  so  that  the  appearance  pro- 
duced by  the  etching  at  high  temperature  may  not  be  truly 
representative  of  the  condition  of  the  interior  of  the  specimens. 
To  overcome  this  uncertainty  the  heating  has  at  times  been  done 
in  vacuo,*  the  etching  gas  admitted  when  the  desired  temperatiu-e 
was  reached,  and  then  pumped  out;  the  specimen  then  cooled 
in  vacuo. 

1 N.  Gatowsky,  Ubcr  die  Structur  des  Stahlcn  bd  hohcn  Tmipcmturen,  MetaHnrgie,  S,  p.  743;  1909. 
H.  Hanemasm,  Etching  at  High  Temperaturea,  Inter.  ZeiL  MetaHographie,  8,  p.  276. 
*  N.  Tschiflchewilcy  and  N.  Schiilgin,  Jour.  Iron  and  Steel  Inst.,  M,  p.  289;  29x7. 
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crystal,  the  botuodaries  of  which  can  be  faintly  seen.  Another 
network,  outUaing  a  second  system  of  grains,  is  superimposed 
upon  the  twinned  crystals.    Fig.  ib  shows  similar  features. 

The  network  which  delineates  the  straight-sided  polyhedral 
twinned  crystals  is  a  record  of  the  structure  of  the  y  iron;  that 
is,  the  form  existing  above  the  A,  transformation.  The  second 
network  belongs  to  the  crystal  structure  which  prevails  below  this 
transformation,  as  is  shown  in  specimens  heated  to  a  temperature 
below  A,.  Only  one  network  is  developed  in  such  a  case ;  this  is 
identical  with  the  second  pattern  of  specimens  heated  above  A«. 
The  specimen  shown  in  Fig.  2  illustrates  this,  and  also  shows  that 
no  characteristic  crystal  form  coxxesponds  to  the  so-called  /3  range. 
The  appearance  is  the  same  as  that  of  specimens  heated  at  a  tem- 
perature well  below  Aj  (Fig.  3) ,  and  also  of  samples  polished  and 
etched  under  ordinary  conditions.  This  observation  confirms  that 
of  Rosenhain  and  Himifrey*  in  this  respect. 

In  Fig.  3  is  shown  the  surface  of  a  polished  specimen  heated  to 
700*^  C.  The  network  outlining  the  arrangement  of  the  crystals 
showed  faintly  even  at  this  relatively  low  temperature. 

The  surface  of  freshly  heated  specimens  often  has  a  "matt 
finish "  appearance,  and  when  viewed  at  an  oblique  angle  is  seen 
to  be  considerably  rotighened.  The  volatilization  which  occurs 
at  high  temperature,  as  shown  in  Fig.  la,  accounts  partly  for  the 
matt  finish.  It  will  be  noted  that  the  volatilization  develops 
rather  well-defined  "etching  pits"  on  the  surface,  by  means  of 
which  the  structural  orientation  within  the  twin  crystals  re- 
lative to  the  mother  crystal  is  plainly  shown.  The  roughened 
appearance  is  due  largely  to  a  buckling  of  the  surface  of  the 
individual  crystals.  Fig.  4,  which  shows  a  section  perpendicular 
to  the  polished  surface  which  was  exposed  to  the  heat,  de- 
monstrates the  distortion  which  occurs;  the  boundary — that  is, 
the  trace  of  the  polished  flat  surface — originally  rectilinear, 
now  consists  of  a  series  of  undulations.  Specimens  heated  to 
a  temperature  a  little  below  Ag  show  an  irregular  branching 
network  within  the  grains,  themselves  (Fig.  26).  This  is  often 
seen  in  ptire  iron  after  ordinary  etching,  for  microscopic  examina- 
tion particularly,  if  the  sample  has  been  strongly  heated  previ- 
ously; for  example,  specimens  which  have  been  heated  several 
times  for  thermal  analysis  curves.  Whether  this  bears  any  rela- 
tion to  the  j3  change  has  not  yet  been  determined. 

*  IfOc.  dt.    See  note  3. 
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Fig.  ^.—Microslntclure  of  pure  iron  below  the  Iransformalion 
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Fig.  4. — Microsimcture  of  pun  iron  at  high  ttmperatures 
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(a)  The  polished  specimen  was  heat-etched  by  heating  it  for  30  minutes  at  700*  C 
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(6)  The  polished  specimen  was  distorted  sufficiently  to  show  slip-bands  and   then 
heat-etched  as  in  (a).    The  slip-bands  still  persist 

Fig.  5. — Microstructure  of  low-carbon  steel  just  below  the  Ai  trans- 
formation.   Magnification,  100  diameters 
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(t)  Section  of  the  ipedmfli  shown  in  U).  (>k«i  DCiDeiidicular  to  the  heat-etdicd 
tnrlMe.  A  layer  of  electmlytic  <«ppet  wai  deposited  to  piotect  the  edie  duiini 
poliihing.  The  pearlitehu  been  ronovcd  from  the  Euriacc  metal,  by  the  beatinc^ 
lor  a  con^eiable  depth 

Fro,  8. — Mkrottructure  of  low-carbon  steel  previoutty  heaUi  jutt 
abovtth*A,lranifoTmation.  Etehtd  with  a  p*T  ctnt  alcoholic  nittie 
acid.    Magnification,  lOO  diamtUn 
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(a)  The  polished  specimen  was  heat-etched  by  heating  30  minutes  at  950*  C 
Two  patterns  corresponding  to  the  a  and  the  7  forms  (compare  Pig.  x)  are  to 
be  seen 
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(6)  The  polished  specimen  was  etched  with  a  per  cent  nitric  acid  before  heating 
at  xooo**  C  for  30  minutes.  The  original  pearlite  pattern  shown  by  the  first 
etching  has  persisted  throughout  the  heating.  Upon  this  two  other  pattcnw 
similar  to  those  in  (a)  above,  have  been  superimposed 

Fig.  9. — Microsiructure  of  low-carbon  steel  above  the  A^  transformation. 

Magnification,  500  diameters 
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Fro.  II. — Surface  changes  produced  in  lovi-carbon  steel  by  heating 

aboiie  the  A,  Irans/ormalion  temperature 

formatian  tcnipcratuic.      The  bcat-etrhrd  auiface  was  then  protected  yn\h  a 
deposit  of  electrolytic  copper,  and  the  apecLmen  sectioned  perpeadicularly  to 


Scientific  Papariof  ths  Bunau  of  Sttndanli.  Vol,  IS 


(a)  CHrboDku  nirface  Uyer 


Til*  iDrdm™  wa»  usrd  (or  >  srrio  ol  tbnaal  curvn  md  was  hciat«]  (our  thna 
above  the  A]  troasfOTiiiatuni  ttrnpCTature;  the  total  period  above  Ihia  tempera' 

fiiruK  should  be  compiiicil.     UagaiGcation,  ;«  dianuten;  etcbiuf.  >  V  cent 


t  of  th»  Buraiu  of  5 


,   Tbe  Mmentite  envtlopa  dlnp- 

pnr  at  some  distance  brlovr  the  surface.    In  the  orifinHl  coadilLon  ot  tbe 
upcciincn  they  ertended  to  the  surface,    Cementite  bai  been  removed  frcon 


— Surface  changes  produced  in  high-carbon  steel  by  heating  in  vac 

above  tiie  A,  traasforntation  temperature 
specimen  was  piepaicd  hi  a  Euaader  siiiiUar  to  those  of  Pii-  u.    Ua^nift' 


^Vtou"]  Microstructure at  High  Temperatures  523 

2.    LOW-CARBON  STEBL. 

A  synthetic  low-K^arbon  steel  ^  of  the  following  composition  was 
used  as  representative  of  this  class  of  material :  Carbon,  o.  1 8  per 
cent;  silicon,  0.007  P^  cent.  The  steel  has  the  following  thermal 
characteristics:  AC|,  738^  C;  Ac,,  769^  C;  Acs,  840®  C;  Ar„  792®  C; 
Atj,  769**  C ;  ATj,  700^  C.  The  specimens,  which  were  first  polished 
ready  for  microscopic  examination,  were  heated  in  vacuo  in  the 
same  manner  as  the  pure  iron;  the  sample  was  held  in  each  case, 
approximately  30  minutes,  at  the  maximum  temperature.  The 
specimens  were  heated  to  the  following  temperatures: 

950**  C above  Acj 

760®  C above  Aci 

700®  C below  Aci 

Fig.  5  shows  the  appearance  of  a  specimen  heated  to  700^  C; 
that  is,  just  below  the  transformation  AC|.  Even  at  this  tem- 
perature the  heat  relief  has  been  sufficient  to  clearly  indicate  the 
islands  of  pearlite.  In  Fig.  5b  is  shown  the  appearance  of  a  speci- 
men which,  after  polishing,  was  distorted  enough  to  develop  slip 
bands  and  then  heated  to  700^  C.  The  slight  roughening  of  the 
surface  due  to  the  slipping  still  persists  at  this  temperattne  and 
shows  that  no  n:iarked  volatilization  has  occurred  at  the  surface. 

Fig.  6a  shows  the  specimen  of  Fig.  5a  after  it  was  polished 
slightly  to  remove  the  effects  of  the  heat  relief  and  then  etched. 
The  material  has  the  usual  appearance  of  low-carbon  steel.  When 
the  specimen  is  etched  directly  after  heating — that  is,  without 
any  supplementary  polishing — ^the  surface  darkens  almost  immedi- 
ately and  gives  the  appearance  shown  in  Fig.  66.  A  similarly 
pronounced  darkening  of  f errite  upon  etching  is  often  observed 
when  a  specimen  is  finished  on  a  polishing  wheel  which  has  been 
allowed  to  become  quite  free  from  water  so  that  the  surface  heats 
considerably.  Upon  heating  a  polished  specimen  of  this  material 
above  the  Aci  transformation  the  surface  takes  on  the  appearance 
shown  in  Fig.  7a,  which  is  very  similar  to  that  produced  by  heating 
below  Aci*  The  position  of  the  preexisting  pearlite  islands  is 
clearly  indicated.  It  will  be  noted  that  the  network  which  marks 
the  boundaries  of  the  f  errite  crystals  is  now  continuous  through  the 
pearlite  areas  instead  of  around  them.  This  ia  best  seen  at  a  higher 
magnification  as  in  Fig.  76.  When  the  surface  is  etched  after 
heating — ^that  is,  without  any  pdishing — the  appearance  is  the 
same  as  is  shown  in  Fig.  66.     However,  when  the  surface  is  slightly 

'  An  alloy  of  iron  and  carbon  prepared  according  to  the  method  given  in  Scientific  Papers  No.  a66  wag 
naed. 
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polished  and  then  etched,  no  darkening  results,  nor  is  there  left 
any  trace  of  the  pattern  developed  by  heat  relief.  The  material 
which  constitutes  the  surface  is  pure  ferrite  (Fig.  8a);  all  the 
pearUte  has  been  removed  to  a  considerable  depth,  as  is  shown  in 
Fig.  86,  which  shows  a  section  of  the  specimen  perpendicular  to 
the  polished  face.  The  normal  appearance  of  the  material  is  shown 
in  the  lower  portion  of  the  micrograph.  The  botmdary  between 
the  outer,  or  carbonless,  metal  and  the  inner  normal  material  is 
very  clearly  defined.  The  change  from  the  outer  zone  to  the 
unchanged  metal  of  the  interior  is  very  abrupt  and  not  a  gradual 
one. 

In  Fig.  9a  is  shown  the  pattern  developed  by  heat  relief  on  the 
polished  surface  by  heating  above  the  Acj  transformation.  The 
more  clearly  defined  network  corresponding  to  the  7  condition  is 
superimposed  upon  a  less  distinct  one  which  shows  the  char- 
acteristic outlines  of  the  a  crystals.  In  Fig.  96  this  is  more  plainly 
seen.  The  polished  specimen  in  this  instance  was  etched  to  reveal 
its  initial  structure  and  then  heated  at  1000®  C  for  30  minutes; 
that  is,  well  above  the  temperature  of  the  Acj  change.  The 
roughening  of  the  stnface  corresponding  to  the  islands  of  pearlite, 
shown  by  the  itiitial  etching,  still  persists.  Upon  this  pattern 
two  others  are  superimposed ;  these  show,  respectively,  the  crys- 
talline condition  above  Ac,  upon  heating  and  below  Ac,  on 
cooling.  The  twin  crystal  (Fig.  96) ,  which  had  its  origin  when  the 
steel  was  in  the  y  state,  is  seen  to  cut  through  the  preexisting 
islands  of  pearlite  and  to  bear  no  relation  to  them.  It  should  be 
borne  in  mind,  however,  that  the  carbide  has  been  removed  from 
the  surface  material,  probably  before  the  change  to  the  7  state  is 
brought  about,  as  has  been  described  above. 

m.  NATURE  AND  EXTENT  OF  THE  SUBFACE  CHANGES 

UPON  HEATING 

The  magnitude  of  the  change  (apparently  decarburizatkm) 
which  occurs  in  some  samples  (Fig.  8)  makes  the  explanation 
offered  by  Howe '  appear  to  be  an  inadequate  one.  In  order  to 
clearly  show  the  nature  of  the  change  and  to  test  out  the  explan- 
ation, a  series  of  specimens  of  the  low-carbon  steel  previously  used 
were  heated  in  vacuo  for  equ£d  periods  at  the  following  temper- 
atures: 

76o*  C above  Aci,       for  30  minutes 

820*  C just  below  Acy,  for  30  minutes 

88o*  C above  Ac,,       for  30  minutes 

*  Loc.  dt.    See  note  4. 
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The  specimens  were  cooled  in  the  furnace  at  the  same  rate  as  the 
previous  ones.  In  each  case  the  carbonless  layer  varies  con- 
siderably in  thickness  on  the  same  specimen;  the  maximum  thick- 
ness of  this  changed  layer  in  specimens  heated  at  the  three  tem- 
perattues  given  above  is  shown  in  Fig.  10.  In  the  specimen 
heated  at  the  lowest  temperatture,  the  decarbtuized  layer  is  more 
pronounced  than  in  those  heated  for  the  same  period  at  higher 
temperatures.  This  is  not  to  be  attributed  to  a  greater  loss  of 
carbon  at  the  lower  temperature,  but  rather  to  an  increased  rate 
of  diffusion  of  carbide  in  iron  at  higher  temperatures,  by  which 
any  change  at  the  surface  due  to  loss  of  carbon  is  masked  by  a 
replenishment  from  the  interior  by  diffusion. 

In  Fig.  1 1  is  shown  the  condition  at  the  surface  and  near  the 
center  of  a  specimen  (the  material  is  the  low-carbon  steel  pre- 
viously used)  heated  continuously  for  four  hours  above  Ac,,  990®  C 
was  the  maximum  temperature.  The  structure  of  a  sample  of 
the  same  material  used  for  a  series  of  four  thermal  curves,  and 
which  was  above  the  Ac,  temperature  for  a  total  of  four  hom^,  is 
shown  in  Fig.  12.  The  thickness  of  the  changed  smface  layer  of 
the  sample  heated  intermittently  is  somewhat  greater  than  that  of 
the  specimen  heated  continuously  for  four  hoturs  above  the  Ac, 
transformation  temperature.  The  carbon  content  of  the  in- 
terior, as  estimated  from  the  structiure,  is  slightly  less  in  the 
spedmen  heated  continuously,  however,  than  in  second  one. 
This  apparently  contradictory  behavior  of  the  specimen  moA 
strongly  heated  is  to  be  interpreted  as  further  evidence  of  the  part 
played  by  diffusion  in  majsking  the  change  which  occturs  at  the 
surface.  By  comparing  Figs,  loa  and  i  la  it  will  be  noted  that  a 
much  more  pronotmced  change  is  produced  in  the  surface  metal 
for  a  short  period  at  the  lower  temperatiure  (30  minutes  at  760®  C) 
than  by  prolonged  heating  at  a  higher  one  (240  minutes  at  990^  C) . 
Whether  this  difference  in  the  rate  of  diffusion  is  one  due  entirely 
to  temperature  or  partially  to  the  allotropic  condition  of  the  iron, 
a  or  7,  can  only  be  conjectured. 

In  Fig.  13a,  is  shown  the  stuface  change  induced  in  a  high-carbon 
steel  by  heating  four  times  in  vacuo  to  a  temperatiure  above  the 
Acs  transformation  (950^  C) .  The  steel  was  of  the  following  com- 
position: Carbon,  1.28  per  cent;  manganese,  0.23  per  cent;  phos« 
phorus»  0.017  per  cent;  sulphur,  0.017  per  cent;  silicon,  0.23  per 
cent.  The  cementite  grain  envelopes  do  not  extend  entirely  to 
the  surface  as  they  did  originally,  but  gradually  dlkiinish  in  thick- 
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ness  and  disappear  at  some  distance  below  the  surface.  In  no 
case  was  an  accumulation  of  cementite  found,  as  Howe's  ex- 
planation requires.  In  a  few  areas  a  very  thin  layer  of  f errite  was 
f oimd  to  have  formed,  as  is  shown  in  Fig.  1 36.  The  conclusion 
is  evidently  warranted  that  the  change  of  structure  of  the  surface 
metal  heated  in  vacuo  represents  loss  of  carbon. 

IV.  INTERPRETATION  OF  RESULTS 

The  question  may  very  properly  be  asked  as  to  what  extent  the 
indications  of  the  etchings,  used  to  reveal  the  structure  of  steel  at 
high  temperature,  are  vitiated  by  the  changes  of  composition  which 
occiu:  in  the  surface  metal  upon  heating.  The  experimental  results 
discussed  in  the  previous  sections  show  that  no  decarburization 
below  the  temperature  of  Aj  transformation  can  be  detected. 
This  is  due  to  the  physical  form  in  which  the  carbon  exists.  Not 
tmtll  the  carbon  (as  carbide)  is  in  the  state  of  a  solid  solution  in 
the  iron — ^that  is,  above  Aj — is  there  any  appreciable  change  in 
the  exposed  surface  metal.  Below  the  Aj  transformation  the  car- 
bon occurs  in  the  form  of  a  definite  crystalline  compound,  and  the 
loss  upon  heating  may  be  entirely  neglected. 

A  very  marked  change,  however,  occurs  upon  heating  a  speci- 
men just  above  the  Aj  transformation.  The  carbon  passes  from 
the  form  of  crystalline  cementite  to  a  solution  (of  cementite)  in  the 
iron.  In  this  form  it  quite  readily  volatilizes  from  the  surface, 
so  that  a  pronotmced  carbonless  layer  is  soon  formed  in  specimens 
Oow-carbon  steels)  that  are  held  for  periods  no  greater  than  30 
minutes  at  this  temperature.  The  method  of  heat  etching,  how- 
ever, serves  to  record  the  structure  both  before  and  after  the 
change  has  taken  place.  The  pronounced  differential  expansion 
of  pearlite  and  ferrite  at  the  A^  transformation  will  accotmt 
partially  for  this.  The  fact  that  at  temperatures  below  A^  the 
structure  is  clearly  revealed  by  heat  etching,  however,  shows  that 
this  is  not  the  sole  cause,  but  that  the  slight  general  volatilization 
which  occurs,  together  with  the  slight  differences  in  the  rate  of 
thermal  expansion  of  pearlitic  steel  and  iron  (ferrite)  are  sufficient 
to  record  clearly  and  definitely  the  structure  of  the  metal.  The 
volatilization  of  iron  is  pronounced  enough  at  the  crystal  bound- 
aries to  clearly  show  them.  Across  the  face  of  the  aystals,  how- 
ever, there  is  very  little  loss,  as  is  shown  by  the  persistence  of  slip 
bands  upon  heating.  That  the  ferrite  is  changed  somewhat, 
however,  is  shown  by  its  increased  tendency  toward  oxidation. 
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Upon  slight  etclung  with  nitric  add,  a  very  pronounced  oxide 
film  readily  forms,  so  that  the  ferrite  is  colored  very  dark. 

Specimens  which  are  heated  to  temperatures  higher  than  the 
A|  transformation  show  a  carbonless  layer  which  becomes  less 
pronounced  as  the  temperature  is  increased.  This  is  properly  to 
be  attributed  to  the  increased  rate  of  diffusion  of  carbide  in  iron, 
by  which  the  change  at  the  surface  is  masked.  The  results  ob- 
tained by  etching  specimens  at  the  higher  temperatures  (heat 
etching  or  otherwise)  are  more  truly  indicative,  therefore,  of  the 
structure  of  the  interior  than  those  at  lower  temperatures;  for 
example,  just  above  A^.  That  the  loss  of  iron  by  volatilization 
across  the  face  of  the  crystals  is  very  slight,  even  at  high  temper- 
attires,  is  shown  by  the  persistence  of  the  slight  roughening  due  to 
preliminary  etching  throughout  the  entire  period  of  heating.  The 
loss  by  volatilization  is  of  a  magnitude  sufficient  to  show  the 
crystalline  structure  by  the  production  of  "etching  pits;"  at  the 
crystal  boundaries  the  loss  is  much  greater.  In  addition  the  car- 
bide is  removed  to  a  very  appreciable  depth  on  all  the  exposed 
faces  of  the  specimen. 

V.  SUMMARY 

1.  When  polished  metal  specimens  are  heated  in  vacuo,  a 
record  of  the  structure  which  exists  at  the  particular  temperature 
used  is  inscribed  on  the  polished  surface  of  the  specimen.  This 
record  consists  of  a  slight  roughening  due  to  volatilization  and  to 
a  slight  buckling  of  the  surface  due  to  the  volume  change  which 
forms  part  of  the  transformation.  The  terms  ''heat  relief," 
"  heat  etching, "  and  "  vacuum  etching  "  have  been  appljied  to  this 
means  for  developing  the  microstructure. 

2.  By  means  of  heat  relief  the  structure  of  iron  and  steel  at  high 
temperatures  is  readily  revealed.  This  Is  a  much  simpler  method 
than  high-temperature  etching,  often  used.  It  appears  probable 
that  much  of  the  effect  usually  attributed  to  etching  at  high 
temperature  is  due  to  the  heating  itself. 

3.  An  appreciable  change  of  composition  and  structure  of  the 
surface  metal  occurs  in  steel  upon  heating.  This  is  very  pro- 
nounced just  above  the  A|  transformation,  and  becomes  less  so 
upon  heating  to  higher  temperatures  due  to  the  increased  rate  of 
diffusion  of  carbon  (as  carbide)  in  iron,  with  increase  of  temper- 
ature. The  structure  revealed  on  the  stuiace  by  heat  relief  or  by 
high-temperature  etching  is  less  representative  of  the  interior^at 
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temperatuxes  just  above  the  A^  transfonoatton  than  at  any  other 
temperattires, 

4.  The  change  in  composition  of  the  suxf  ace  layer  of  steel  heated 
in  vacuo  to  high  temperatures  is  to  be  explained  as  due  to  volatili- 
zation of  the  carbide.  No  appreciable  change  takes  place  until 
the  carbide  enters  into  solid  solution  in  the  iron,  that  is,  above  the 
Ai  transformation. 

5.  The  volatilization  of  iron  from  the  surface,  upon  heating,  is 
very  ^ght.  Polished  specinteus  of  iron  and  steel,  etched  before 
being  heated,  retain  the  slight  roughening  due  to  the  etching  even 
after  pronounced  heating.  The  volatilization  of  ferrite  at  the 
crystal  boundaries  is  much  more  pronounced  than  across  the  face 
of  the  crystal. 

Washington,  July  14, 1919. 
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By  W.  W.  Coblenlz 


L  THE  COEFFICIENT  OF  TOTAL  RADIATION 

In  a  previous  paper  *  was  given  a  value  of  the  coefl&dent,  or 
so-c^ed  Stefan-Boltzxnann  constant,  of  total  radiation  of  a  uni- 
forxnly  heated  indosure,  or  so-called  black  body.  This  value 
((!■==  5.72  Xio'"  watt  cm"'  deg^)  was  obtained  by  applying  a 
correction,  for  reflection  losses,  to  the  data  given  in  Table  6  of  a 
previous  publication.'  This  correction  for  losses  by  reflection  was 
taken  to  be  i  .2  per  cent,  irrespective  of  whether  the  surface  of  the 
receiver  was  covered  with  lampblack  (soot)  or  electrolytically 
deposited  platinum  black.  Subsequently,  the  data  were  recalcu- 
lated (using  the  proper  corrections  for  reflection  of  lampblack  and 
of  platinum  black)  and  the  results  published  elsewhere,"  the 
intention  being  to  give  the  details  more  fully  in  this  Bulletin. 
This  is  the  object  of  the  present  paper,  which  gives  further  experi- 
mental data  on  atmospheric  absorption,  and  also  a  discussion  of 
other  data,  recently  published. 

The  data  previously  summarized  *  are  based  upon  about  600 
independent  measurements,  made  with  10  receivers  which,  as 
already  stated,  were  covered  with  either  (i)  a  thin  layer  of  lamp- 
black or  platinum  black,  smoked  with  soot,  or  (2)  covered  simply 
with  an  electrolytic  deposit  of  platiniun  black. 

The.  data  obtained  with  receivers  Nos.  8  and  9  are  not  included 
m  the  final  value  because,  at  the  timie  the  measurements  were 
made,  the  apparatus  was  known  to  be  defective,  and  hence  the 
reliability  of  the  results  would  be  open  to  question. 

To  the  data  obtained  with  10  receivers,^  a  correction  of  1.2  per 
cent,  for  losses  by  reflection,  were  applied  to  measturements  made 
with  receivers  covered  with  lampblack  (soot),  and  a  correction 
of  1.7  per  cent  to  xneasurements  miade  with  receivers  covered  with 
platinum  black.    The  reflection  from  a  receiver  covered  with 

*  Bulletin,  Bureau  of  Standards,  12,  p.  553;  19x6. 

*  Coblentz  and  Emerson.  Bulletin,  Bureau  of  Standards,  IS,  p.  549;  19x6. 
'  Proc.  Nat.  Acad.  Sci.,  8,  p.  504;  19x7. 

*  Bulletin,  Bureau  of  Standards,  12,  p.  549;  1916  (Table  6). 

*  Erroneously  stated  to  be  nine  receivers  in  Proc.  Nat.  Acad.  ScL,  8,  p.  504;  19x7. 
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platiniun  black,  then  smoked,  is  1.2  per  cent.  These  corrections 
were  deterjnined  by  direct  jneasurements  upon  some  of  the 
receivers,  and  by  comparison  of  the  surfaces  of  the  other  receivers 
with  samples  of  lampblack  whose  reflection  losses  had  been  deter- 
mined in  a  previous  investigation.* 

As  xnentioned  in  the  first  description  of  the  apparatus  used  in 
making  these  measurements,'  the  edges  of  the  slits  over  the  sides 
of  the  receiver  were  beveled,  and  painted  with  lampblack  on  the 
beveled  surface.  This  should  absorb  the  radiations  reflected  in 
that  direction  from  the  receiver.  Nevertheless,  a^  this  writing, 
it  is  an  open  question  whether  the  loss  by  reflection  is  as  large  as 
it  would  be  if  no  beveled  edges  were  present.  This  might  cause  a 
slight  over  correction  (say  o.i  per  cent)  of  the  data  as  now  pub- 
lished, but  it  would  be  no  greater  than  the  variations  in  the 
reflectivity  of  the  various  surfaces  from  the  mean  value  herein 
adopted. 

The  original  data  (from  Table  6,  loc.  cit.) ,  corrected  for  reflection 
as  just  described,  are  assembled  in  Table  i .  It  does  not  include 
a  set  of  xneasurements  made  on  an  unblackened  porcelain  radiator, 
(Series  CXLVIII  to  CLI).  However,  applying  a  correction 
(amotmting  to  i  per  c^it)  for  lack  of  blackness,*  the  observations 
are  close  to  those  obtained  on  a  blackened  radiator. 

The  value  of  the  coefficient  of  total  radiation,  after  applying 
the  corrections  just  mentioned  is 

<^"*  (5-722  ±0.012)  X  ID""  watt  cm"*  d^^. 

No  correction  was  made  for  atmospheric  absorption,  in  view  of 
the  fact  that  the  measurements  had  been  made  in  the  winter  when 
the  humidity  was  low.  Furthermore,  by  means  of  phosphorous 
pentoxide,  the  water  vapor  had  been  removed  from  the  apparatus, 
which  was  of  quite  air-tight  construction. 

Subsequent  to  this  investigation,  further  consideration  was 
given  to  the  question  of  absorption  by  dry  air.*  The  correction 
for  absorption  by  dry  air  was  determined  by  observing  the  trans- 
mission through  a  htoss  tube  6  cm  in  diameter  and  51  cm  long, 
the  ends  of  which  were  covered  with  windows  of  clear  rock  salt. 
This  tube  was  evacuated  with  an  oil  pump  and  then  filled  with 
air  which  had  been  passed  throt^h  phosphorous  pentoxide.  It 
therefore  contained  only  carbon  dioxide,  which  may  cause  a  small 
amount  of  absorption. 

I  Bulletin,  Bureau  of  Standards,  9,  p.  283;  1913. 

V  Bulletin,  Bureau  of  Standards,  18,  p.  507  (Fig.  a);  19x6. 

i  Bulletin,  Bureau  of  Standards,  18,  p.  571;  19x6. 

*  Loc.  at,    See  note  3. 
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TABLE  1.— Summaij  of  tha  Dhnansiooa  of  the  Recoivors  and  of  tlio  Slits,  the  Khid 
of  Abeorbhig  Surftces,  and  the  Results  Obtained  with  Each  Receiver 
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The  transmission  was  determined  by  noting  a  series  of  galva- 
nometer deflections  caused  by  black-body  radiation  (800^  C) 
which  was  passed  through  the  evacuated  tube  and  focused  upon 
a  linear  thermopile  of  bismuth-silver.  Immediately  thereafter  a 
stopcock  was  opened  and  either  dried  or  undried  air  was  per- 
mitted to  enter,  tmder  atmospheric  pressure. 
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Using  air  containing  9.95  g  of  water  per  cubic  meter,  the  absorp- 
tion amounted  to  about  0.9  per  cent. 

_  Using  dry  air,  the  average  value  of  the  absorption  (3  series  of 
measurements)  was  about  0.09  per  cent,  which  is  the  magnitude 
of  the  errors  of  observation.  From  this  it  is  to  be  concluded  that, 
in  view  of  the  fact  that  in  the  measurements  of  the  radiation 
.constant  the  column  of  dry  air  was  less  than  50  cm,  if  any  correc- 
tion is  to  be  made  to  the  aforementioned  value  of  the  radiation 
coefl&dent,  a,  it  can  hardly  be  greater  than  o.  i  per  cent. 

n.  DISCUSSION  OF  OTHER  DATA 

Recently  a  new  determination  **  of  this  radiation  constant  was 
brought  to  my  attention,  and  in  view  of  the  fact  that  this  paper 
appears  to  contain  inaccurate  statements  concerning  my  own 
work,  a  few  comments  are  permissible.  For  example,  the  state- 
ment is  made  that  the  only  novelty  in  the  apparatus  employed 
by  Coblentz  and  Emerson  "  was  a  thermopile  with  a  continuous 
receiving  surface;  which  is  of  secondary  importance.  As  a  matter 
of  fact,  the  crucial  part  of  the  apparatus  was  a  receiver  with 
potential  terminals  attached  thereto,  at  a  sufficient  distance  from 
the  ends  to  avoid  the  question  of  heat  conduction  to  the  electrodes. 
These  potential  wires,  which  were  from  0.003  to  0-02  -mm  in 
diameter,  acciurately  defined  the  length  of  the  central  part  of  the 
receiver  which  was  utilized  in  the  measurements.  By  exposing 
the  whole  length  of  the  receiver  to  radiation,  conduction  losses 
did  not  enter  the  problem.  The  writer  is  not  aware  of  any  one 
having  used  a  similar  apparatus  which  compares  with  this  receiver 
in  nicety  of  construction,  and  reproducibility  of  results  imder 
given  conditions. 

The  receiver  used  by  Kahanowicz  was  placed  at  the  center  of  a 
spherical  mirror  "  with  an  opening  in  one  side  to  admit  radiation. 
In  this  manner  the  correction  for  reflection  was  eliminated.  The 
shutter  was  close  to  the  receiver.  If  its  temperature  was  different 
from  that  of  the  water-cooled  diaphragm,  which  was  before  the 
radiator,  errors  in  the  radiation  meastu'ements  would  occiu".  As 
mentioned  in  previous  papers,"  the  shutter  should  be  placed 
between  the  water-cooled  diaphragm  and  the  radiator,  to  avoid 

u  Slahanewicz.  Nuoro  Ciaieato  (d),  IS,  p.  149, 191 7;  Naples. 

u  Bulletin,  Bureau  of  Standards,  12,  p.  506;  19x6. 

IS  Bulletin,  Bureau  of  Standards,  12,  p«  509;  1916.    Use  of  hemispherical  mirrors  is  discussed. 

u  Bulletin.  Bureau  of  Standards,  12,  p.  5x4;  Z9<6. 
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a  change  in  surroundings  facing  the  receiver  when  the  shutter  is 
raised  for  making  the  radiation  measurements. 

The  temperature  range  was  from  260  to  530^  C.  The  distance 
from  the  radiator  to  the  receiver  was  35  to  55  cm.  A  series  of 
28  measurements  gave  an  average  value  of  <r  =  5.6i  Xio""  watt 
cm**  deg^.  Of  this  number  11  gave  a  value  of  <r«5.7.  Out  of 
a  series  of  4  measurements  made  in  December,  191 6,  with  the 
distance  d=»56  cm,  3  gave  a  value  of  (^  =  5.7. 

No  corrections  were  made  for  atmospheric  absorption,  which 
for  the  temperatures  used  is  not  negligible.  In  a  previous  paper  ** 
it  was  shown  that  on  removing  the  moisture  (vapor  pressure  of  10 
to  12  mm)  from  a  column  of  air  52  cm  in  length,  the  radiation 
constant  was  increased  from  <r  =  5.4i  to  5.55,  or  about  2.6  per 
cent.  For  the  spectral  region  transmitted  by  rock  salt,  to  15/i, 
the  experimental  data,  just  described,  indicate  an  absorption  of 
about  0.9  per  cent,  depending  upon  the  vapor  pressure.  Other 
measurements  mentioned  in  the  paper  just  cited  indicate  an 
absorption  of  2  to  3  per  cent  of  the  radiations  emitted  by  a  black 
body  at  1000*^  C  for  the  average  humidity  of  Washington. 

Dr.  H.  H.  Kimball,  of  the  U.  S.  Weather  Bureau,  very  kindly 
sent  me  comparative  data  showing  that  the  vapor  pressures  at 
Naples  are  considerably  higher  than  at  Washington.  From  these 
data  it  would  appear  that  the  corrections  for  atmospheric  absorp- 
tion must  be  at  least  i  per  cent.  For  the  low  temperattures  at 
which  the  radiator  was  operated,  a  fair  estimate  of  the  correction 
to  the  radiation  data  obtained  by  Kahanowicz  is  1.5  to  2  per  cent, 
or  a  value  oi  <r  =  5,69  to  5.72X10""  watt  cm"*  deg"*.  In  other 
words  the  Naples  value  of  the  coefficient  of  total  radiation  is 
comparable  with  other  recent  determinations  ^^  which  indicate  a 
value  of  <r  =  5.7  X 10""  watt  cm"*  deg"*. 

m.  THE  CONSTANT  OF  SPECTRAL  RADIATION 

During  the  past  year  a  further  examination  was  made  of  the 
accuracy  of  the  factors  used  in  converting  the  previously  ob- 
served" prismatic  spectral-energy  data  into  the  normal  energy 
distribution.  The  graphical  methods  previously  employed  were 
cheeked,  and  similar  factors  were  obtained  by  computation,  using 
the  first  differential  of  the  dispersion  formula,  which  best  repre- 

14  BtiUetin,  Bureau  of  Standards,  12,  p.  576;  19x6.    See  Tabk  3,  Seriei  CLXXX  to  CliXXXil. 
UMiUikan,  Phsrs.  Rev.,  7.  p.  379,  19x6,  quotes  a  value  U  9*5.67.  by  'WeatphaL 
1*  BuUetin.  Bureau  ol  Staadanls.  IQ.  p.  s:  1913. 


534  Scientific  Papers  of  the  Bureau  of  Standards  [va.  is 

seats  the  observed  refractive  indices  of  fluorite.^'  These  refrac- 
tive indices  were  obtained  from  consideration  of  all  the  available 
data,  which  in  the  region  of  i  to  2/i  are  represented  by  the  curve 
published  by  Langley  and  Abbot.^*  The  best  dispersion  formula 
is  that  of  Paschen.^'  However,  owing  to  incompleteness  of  the 
formula,  the  graphical  method  is  just  as  accurate  as  is  the  method 
of  computation. 

The  conclusion  arrived  at  is  that  the  spectral  radiation  con- 
stant, C,-i4  353  micron  degrees,  determined  some  years  ago,** 
remains  unchanged.  However,  at  tliis  writing  there  is  some 
doubt  as  to  whether  some  of  the  corrections  then  applied  should 
have  been  made,  givmg  a  value  of  C,  =  i4  369.  In  view  of  the 
uncertainty  of  the  temperature  scale,  and  of  the  different  experi- 
mental methods  employed,  the  mean  of  the  values  of  this  con- 
stant, which  have  been  used  by  Reichsanstalt  and  by  this  Bureau, 
viz,  Cj « 14  325,  is  probably  close  to  the  true  value.  For  example, 
from  a  consideration  of  related  experim^ital  data,  as  will  be  shown 
in  a  forthcoming  paper,**  the  above  determined  value  of  a —  5.72 
indicates  a  value  of  C,  — 14  320.  The  observations  on  the  coeflfi- 
cient  of  total  radiation  were  made  at  less  than  1000^  C,  and  hence 
do  not  require  a  correction  to  the  temperature  scale.  Moreover, 
because  of  the  difficulty  in  eliminating  reradiation,  the  observed 
values  of  diffuse  reflection,  of  long  wave-length  radiation,  are 
higher  than  the  true  value. 

IV.  SUMMART 

The  object  of  this  paper  is  to  give  experimental  data  on  atmos- 
pheric absorption  as  it  affects  the  measurements  of  the  radiation 
constants. 

The  paper  gives  also  a  recalculation  of  the  coefficient  of  total 
radiation  of  a  uniformly  heated  inclosure,  taking  into  considera- 
tion all  losses  by  reflection  from  the  receivers,  as  well  as  losses 
by  atmospheric  absorption.  The  value  of  the  coefficient  of  total 
radiation  on  recalculation  is 

tf"  —  (5.722  ±0.012)  X 10'"  watt  cm"*  deg^, 

which  is  the  same  as  previously  published. 

»  BttUetiii.  Bnicau  of  ataadordt.  1«.  p.  J9.  In  tebk  5,  the  Ttkit  ol  th«  tcfmcthrt  indlcci  «t  X«4-#i. 
4.61^  and  s.qpi  shoiikl  be,  respectively,  8,  7,  and  8,  instead  of  j,  s»  end  o»  ia  the  last  dedmal  plaocy  m  pr»> 
▼iously  imbHshed. 

>•  Annals,  Astrapkys.  Oba.,  1,  p.  na,  PL  XXVIB. 

>*  Paschea,  Ana.  der  Pliys.,  4,  p.  999^  1901:  FL  U. 

m  Bulletin,  Bttiean  of  Staadttds,  It,  p.  ^16:  s»i«. 

"  Burean  of  Standards  SdeatHic  Paper,  Methods  of  Oomputlnt  and  Intawomparing  WiWafkn  Data. 
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The  effect  of  atmospheric  absorption  upon  data  obtained  at 
Naples  is  discussed,  and  it  is  concluded  that,  if  a  correction  is 
made  for  absorption  by  water  vapor,  the  value  of  o*,  obtained  at 
that  station,  is  of  the  order  of  <r  « 5.7.  This  is  about  the  average 
value  of  all  observers  when  corrections  are  made  for  atmospheric 
absorption. 

The  present  status  of  the  constant  of  spectral  radiation  is  dis- 
cussed, and  the  conclusion  arrived  at  is,  that,  in  view  of  the 
uncertainty  of  the  temperature  scale,  and  of  the  different  experi- 
mental methods  used,  the  mean  of  the  values  of  this  constant, 
which  have  been  used  by  Reichsanstalt  and  by  this  Bureau, 
viz,  C,  - 14  325,  is  probably  close  to  the  true  value. 

Washington,  August  11,  1919. 
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L  INTRODUCTION 

To  anneal  glass  quickly  and  efl&ciently  is  one  of  the  many  prob- 
lems met  in  its  production.  The  purpose  of  annealing  is  to  avoid 
or  remove  all  stresses  which  might  be  permanent,  and  injurious 
after  the  glass  is  in  use.  The  harmful  effects  produced  by  such 
stresses  are  the  variations  in  the  refractive  index,  which  cause 
double  refraction,  and  the  tendency  of  the  glass  to  warp  or  break. 

The  problems  which  arise  in  annealing  glass  for  different  uses 
may  differ  in  particular  cases  but  in  general  they  are  much  the 
same.  The  actual  annealing  procedure  is  often  varied  materially^ 
depending  upon  the  degree  of  annealing  required,  on  the  nature 
of  the  glass,  and  the  character  of  the  pieces.  Consequently,  to 
plan  the  most  eflScient  process,  it  is  necessary  to  consider  all  the 
factors  entering  into  the  particular  annealing  problem.  For  this 
purpose,  a  thorough  knowledge  of  the  general  nature  of  glass  is 
important.  Furthermore,  it  is  desirable  to  develop  and  stand- 
ardize a  number  of  simple  tests  which  will  make  it  possible  to  de- 
termine the  points  at  which  changes  in  the  annealing  procediu^ 
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can  be  made  to  advantage.  This  paper  is  the  result  of  an  investi- 
gation concerning  the  characteristics  of  glass  in  the  usual  anneal- 
ing range  and  some  of  the  general  problems  met  in  annealing. 

Three  necessary  factors  enter  into  any  process  for  annealing 
glass — ^the  temperature  at  which  it  is  annealed,  the  corresponding 
period  of  annealing,  and  the  corresponding  rate  and  mode  of  cool- 
ing. For  brevity's  sake  these  factors  will  be  referred  to  as  the  "an- 
nealing temperatiure/'  the  "annealing  time,"  and  the  "cooling 
procedure."  The  annealing  temperature  is  the  constant  and  tmi- 
form  temperature  at  which  any  stresses  that  may  exist  in  the 
glass  are  allowed  to  relax.  The  period  during  which  the  glass  is 
held  at  this  temperature  is  the  annealing  time.  During  this 
time,  temperature  uniformity  and  constancy  are  extremely  im- 
portant. The  length  of  the  annealing  time  is  determined  by  the 
magnitude  of  the  initial  stresses,  the  chosen  standard  of  annealing 
and  the  relaxation  time.  The  cooling  procedure  is  important 
since,  if  the  cooling  is  not  controlled  properly,  it  will  lead  to  rein- 
troduction  of  permanent  stresses  while  the  glass  is  hardening,  or  to 
breakage,  due  to  temporary  stresses,  after  it  has  hardened  suffi- 
ciently. 

As  intimated,  the  above  factors  may  be  varied  considerably, 
but  there  is  some  definite  treatment  of  any  particular  piece  of 
glass  which  will  give  the  desired  r^ults  most  quickly  and  effici- 
ently. The  range  of  temperature,  however,  within  which  it  is 
practicable  to  anneal  any  particular  type  of  glass  is  narrow. 
If  the  temperature  is  too  low,  the  stresses  will  relax  too  slowly, 
consequently  a  much  longer  total  time  will  be  required  to  obtain 
the  desired  degree  of  annealing,  although  a  higher  initial  cooling 
rate  is  permissible.  If  the  temperature  is  too  high,  the  danger  of 
deforming  the  glass  or  changing  its  character  is  increased.  The 
initial  cooling,  also,  must  be  slow,  and  very  accurately  controlled 
to  prevent  the  reintroduction  of  permanent  stresses.  The  length 
of  the  annealing  time  and  the  subsequent  rate  of  cooling  depend 
on  the  annealing  temperature  selected,  and  on  the  degree  of 
annealing  desired. 

For  ordinary  glassware  in  which  the  chief  consideration  is 
to  remove  danger  of  breakage,  Twyman*  considers  that  stresses 
as  large  as  one-twentieth  of  the  breaking  stress  are  allowable. 
Where  double  refraction  must  be  avoided,  as  in  certain  optical  in- 
struments^ or  where  deformations  due  to  slow  relaxation  of 
stresses  are  harmful,  as  in  optical  instruments  or  thermometers, 

1  p.  Twyman,  Trans.  Soc.  Glass.  T«di..  1;  19x7. 
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the  requirements  are  more  exacting ;  but  for  these  cases  there  seems 
to  be  a  lack  of  reliable  tests  and  specifications  on  the  allowable 
magnitude  of  the  stresses.  In  view  of  this  tmcertainty  good 
practice  would  seem  to  demand  that  the  stresses  should  be  re- 
duced to  a  minimum,  especially  for  the  best  grade  of  instruments. 
The  following  measurements  by  Zschimmer  and  Schulz'  give  an 
approximate  idea  of  what  this  minimum  might  be.  They  fotmd 
that  an  especially  well-annealed  plate  gave  an  average  relative 
retardation  of  one-third  millimicron  per  centimeter  thickness. 
This  plate  was  24  cm  in  diameter  and  3.9  cm  thick,  and  was 
intended  for  a  telescope  lens.  A  normally  annealed  plate  of  approxi- 
mately the  same  dimensions  gave  three  times  this  retardation. 

The  stresses  which  correspond  to  this  double  refraction  will  be 
different  for  glasses,  of  different  compositions.  In  dealing  with 
the  ordinary  small  pieces,  the  stresses  can  be  removed  to  such  an 
extent  that  their  effects  are  evident  only  with  the  most  sensitive 
tests. 

n.  ANNEALING  TEMPERATURE,  AND  SOME  CHARACTER- 
ISTICS IN  THE  ANNEALING  RANGE 

Various  arbitrary  methods  have  been  suggested  for  the  pturpose 
of  determining  a  suitable  annealing  temperature.  Tlie  majority 
of  these  involve  tests  which  determine  at  what  temperattu-e  the 
rate  of  deformation  of  loaded  rods  reaches  a  certain  standard 
value.  In  such  determinations  the  dimensions  of  the  rods  and 
the  manner  of  loading  must  be  taken  into  accotmt.  There  are 
also  a  number  of  optical  methods  all  of  which  a;re  quite  similar. 
These  involve  observations  on  the  rate  at  which  the  double  re- 
fraction decreases  at  various  temperattures,  or  determinations  of 
the  temperature  at  which  it  disappears  in  a  reasonable  time. 

In  the  present  investigation,  the  working  range  of  temperature 
at  which  several  kinds  of  glass  should  be  annealed  has  been  deter- 
mined by  a  number  of  these  methods.  A  discussion  of  some  of 
the  methods  used  and  the  results  obtained  follows. 

1.  OPTIGAL  METHOD 

Results  obtained  by  one  of  the  optical  methods  are  shown  in 
Table  i.  The  annealing  temperatiu-es  (column  7)  determined  by 
this  method  (which  will  be  designated  method  I)  indicate  the 
maximum  temperature  at  which  the  annealing  should  ordinarily 
take  place.  The  ** upper  limits"  (column  8)  are  temperatures 
that  may  be  used  to  remove  large  stresses  quickly,  if  this  should 

^^^^^^^^^'"^^^^^^*""^"*""'"^^^^"^^~*^"^^*"  ■■  ■■■■■  ■■>■■•■  ,■■■■  «■■■  ■  ■_■■■■■  ,  ^^mi^^^^^^t^^m^mm^^m^mm^mm^dm 

tzscfainiffler  u.  Sdiixlz,  Ann.  d.  Phy.,  4i,  p.  345;  19x3. 


540 


Scientific  Papers  of  the  Bureau  of  Standards 


(Vfli.  IS 


appear  necessary,  but  it  is  considered  inadvisable  to  hold  the 
glass  at  this  temperature  for  any  length  of  time  owing  to  the  con- 
sequent deformation  or  possible  changes  in  the  character  of  the 
glass.  In  addition,  as  already  stated,  special  precautions  must 
be  taken  in  the  cooling  procedure  when  such  high  annealing  tem- 
peratures are  employed. 

TABLE  1. — Critical  Ranges  in  Various  Glasses 


IVumber 


B.  S.76 

B.S.110 

B.S.188 

B.&145 

B.S.20 

B.8.94 

K.266 

B.a87 

B.S.124 


Name  a 


Dense  flint 

Medium  flint 

Light  flint 

Bcfimn  flint 

Uglit  crown 

Borodllcate  crown .. . 

BocMOlcate  crown .. . 

IflCbt  berlnm  crown  ■ 

Hesvy  tMurlom  crown 

Pyrei  tubing 

AnrosdautelormulaBiOi 

0.13  NasO,  IBtOi 

(l.28NasO,lBtOk 

0.44NasO,lBsO3 


CrWail  range  in  glait 


On  cooling 


±n^c 


'C 

435 
405 
445 
470 
450 
475 
500 
520 
530 


B" 

iioH: 


•c 

495 
480 
525 
550 
525 
560 
585 
590 
610 


On  heating 


A 

±io^c 


•c 

460 
455 
485 
520 
495 
515 
545 
575 
575 
520 
240 
340 
415 
450 


B 
±5^C 


•c 

490 
485 
525 
560 
525 
565 
585 
605 
630 
670 
285 
375 
445 
480 


Annealing  range 
by  optical  meti 
Method  I 


Anneal- 
ing 

temper- 
ature 


•c 


460 
485 
515 
480 
525 
525 
570 
605 


sio 

510 
550 

saa 

550 

sso 

610 
625 


.1. 


a  For  composition,  see  Williams  and  Rand,  J.  Am.  Ceram.  Soc  2,  p.  433. 

The  method  by  which  these  points  were  determined  simply 
consisted  of  observing  samples  of  the  glass  placed  between  crossed 
nicols  and  heated  in  an  elec^tric  tube  furnace.  The  samples  were 
in  the  form  of  cylinders  about  2  cm  in  diameter  and  5  cm  long,  or 
prisms  approximately  2  by  2  by  5  cm,  and  were  polished  on  both 
ends.  The  glass  was  heated  at  a  rate  that  was  reduced  to  a  con- 
stant value  of  about  2®  C  per  minute  when  approaching  the  antic- 
ipated annealing  range.  A  Pt — Pt,Rh  thermocouple  was  used 
to  determine  the  temperature.  During  heating  the  intensity  of 
the  restored  light,  which  was  partly,  if  not  wholly,  due  to  temper- 
ature gradients  caused  bv  the  heating,  was  observed.  The  double 
lefraction  so  produced  remained  quite  constant  during  the  con- 
stant  rate  of  heating  until  the  "annealing  temperature"  was 
reached.  At  this  temperature  a  perceptible  diminution  in  the 
intensity  of  the  light  began.     This  showed  that  the  stresses  were 
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already  relaxing  at  a  fairly  rapid  rate.  As  the  temperattire  rose 
still  higher  the  intensity  decreased  at  a  constantly  increasing  rate 
until  it  had  practically  vanished  at  the  ''upper  limit. "  At  this 
latter  temperature  any  sudden  change  in  the  heating  or  cooling 
was  observed  to  produce  very  little  double  refaction.  This 
showed  that  the  glass  deformed  very  quickly  relieving  the  stresses 
caused  by  changes  in  the  temperature  gradients. 

The  choice  of  the  ''annealing  temperature"  and  the  "upper 
limit"  as  fixed  points  in  the  annealing  range  is  made,  because 
these  points  can  be  reproduced  to  within  a  few  degrees  centigrade 
on  reproducing  the  conditions,  provided  care  is  taken  to  insure 
that  the  thermocouple  measures  the  actual  temperature  of  the 
glass.  The  best  arrangement  for  meastuing  the  temperature  in 
these  tests  is  to  place  the  couple  in  a  small  hole  along  the  axis 
of  the  cylinder,  but  this  precaution  is  tmnecessary  if  low  heating 
rates  are  employed  and  if  there  is  a  good  thermal  contact  between 
the  couple  and  the  surface  of  the  glass.  When  rapid  heating  is 
employed  considerable  discrepancies  will  be  observed,  arising 
from  the  difference  in  temperature  between  the  center  of  the 
cylinder  and  the  surface.  On  heating  at  a  rate  of  20^  C  per 
minute,  this  difference  may  be  as  large  as  20^.  The  increase  in 
the  thermal  expansivity  in  this  range,  as  will  be  shown  later,  also 
becomes  a  disturbing  facter  when  the  rates  are  large. 

One  of  the  chief  elements  of  arbitrariness  in  the  choice  of  these 
temperatiures,  especially  the  lower  one,  lies  in  the  fact  that  if  the 
glass  is  badly  strained,  the  relaxation  of  the  large  stresses  is 
perceptible  at  a  much  lower  temperature.  If  several  rings 
OK  visible  in  the  interference  figure,  the  double  refraction  may 
begin  to  decrease  perceptibly  almost  100^  C  lower  than  if  fairly 
well  annealed  glass  were  employed.  Such  temperatures  are  in 
most  cases  too  low  for  annealing.  Hence  it  is  advisable  to  use 
well  axmealed  or  only  slightly  strained  specimens  in  these  tests. 
The  greater  part  of  the  stresses  will  then  be  due  to  the  temperature 
gradient  produced  by  heating. 

When  the  annealing  temperature  was  chosen  at  or  slightly 
below  the  point  where  these  small  stresses  began  to  diminish 
perceptibly,  as  determined  by  method  I,  a  number  of  experiments 
indicated  that  one  or  two  hours  were  sufficient  to  anneal  the  glass 
to  such  an  extent  that  only  a  very  little  evidence  of  double  refrac- 
tion remained:  This  annealing  time  does  not  include  the  time 
required  for  establishing  temperature  equilibrium  nor  for  subse- 
quent cooling. 
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2.  MBASURBMBHTS  OF  RBTARDATION 

The  rapid  disappearance  of  the  double  refraction  as  the  upper 
limit  was  approached  seemed  to  make  a  more  careful  investigation 
desirable.  Consequently  an  apparatus  for  measuring  the  ellip- 
ticity  of  the  polarized  light  was  used  instead  of  a  simple  analyzing 
nicol.  This  apparatus  consisted  of  a  Stokes*  elliptic  anal3rzer 
modified  by  the  addition  of  a  Brace^  elliptic  half  shade  and  a 
Jellet  spKt  nicol.  A  detailed  description  of  this  modified  analyzer 
and  the  methods  of  taking  the  observations^  and  making  the 
various  calculations  •  have  been  published  elsewhere.  In  order  to 
use  this  method  it  was  necessary  to  employ  monochromatic 
light,  and  to  place  diaphragms  on  the  end  surfaces  of  the  cylinder. 
These  diaphragms  were  so  placed  that  their  openings,  2  mm  in 
diameter,  were  within  i  mm  of  the  circumference  of  the  cylinder 
and  on  that  radius  of  the  cylinder  which  made  an  angle  of  45^ 
with  the  plane  of  polarization.  This  was  a  position  of  maximum 
ellipticity.  The  plane  polarized  monochromatic  light  entering 
the  cylinder  was  practically  parallel.  The  emergent  light  was 
elliptically  polarized  and  for  all  small  effects  it  was  found  that, 
on  proper  adjustment,  one  of  the  axes  of  the  ellipse  alwa3rs  fell 
very  nearly  the  45®  plane.  The  light  was  homogeneous  enough 
to  permit  fairly  accurate  settings  for  relative  retardations  as 
large  as  one-half  wave.  For  small  retardations  the  measurements 
were  accurate  to  one-thousandth  of  a  wave  length. 

The  observations  necessary  for  the  calculation  of  the  retardation 
i  are  the  complementary  settings  C  and  C  of  the  compensator 
and  N  and  N^  of  the  nicol  for  a  matched  field.  When  any  rapid 
changes  were  taking  place  in  the  relative  retardation  while  the 
glass  was  being  heated  or  cooled,  the  observations  were  taken 
at  iatervals  of  one  to  three  minutes.  They  were  then  plotted 
against  time  or  temperature,  as  seemed  most  advantageous.  The 
resulting  cm-ves  were  used  for  the  calculation  of  the  retardation 
at  regular  temperature  or  time  intervals.  A  set  of  such  observa- 
tions, for  example,  was  made  on  a  cylinder  of  medium  flint  which 
had  been  comparatively  well  annealed.  The  cylinder  was  held 
at  275^  C  until  its  temperature  was  steady  and  uniform.  It  was 
then  heated  at  a  rate  of  7°  C  per  minute,  the  double  refraction 

being  measured  imtil  it  had  entirely  disappeared  at  the  high  tem- 

I  ■  —  ■  —      —      -       ^ —  — — ^- — — ^-^-^ 

*  G.  Stokes,  9,  PhiL  Mag.  (4).  S,  p.  4»>;  zSsz. 
'  D.  B.  Brace,  Phys.  Rev., IS,  p.  70;  1904. 
*Tool.  Pbys.  Rev..  31,  p.  z:  19x0. 

*  !»•  B.  Tuckcnitaa  jr,  Univ.  of  Ndbr.  Studies,  9,  No.  a;  April,  1909. 


vdLk]  Annealing  of  GIms  543 

peratures  above  the  usual  annealing  range.  Fig.  i  shows  the 
form  of  the  curves  obtained  when  these  obsenrations  were  plotted. 
The  relative  retardations  between  the  tangential  and  radial  com- 
ponents which  were  computed  from  these  curves  are  shown  in 
Pig.  2.  This  rdative  retardation  is  indicated  as  poi^ve  when 
the  radial  ccmiponttit  was  retarded  with  respect  to  the  tang^tial 
component. 

The  curve  indicates  that  the  double  refraction  shows  a  distinct 
rise  to  a  maximum  just  before  it  begins  to  fall  rapidly.    It  does 
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not,  as  might  be  expected,  approach  zero  asymptotically,  but 
crosses  to  negative  values  for  a  time,  and  then,  after  reaching 
a  minimum,  it  gradually  approaches  zero  again.  This  pectiliar  ac- 
tion at  these  temperatures  is  an  indication  of  an  interesting  trans- 
formation that  takes  place  near  the  annealing  temperatme 
range  in  glasses.  Other  manifestations  of  this  effect  lie  in  an 
apparent  increased  absorption  of  heat  which  has  been  observed 
in  this  laboratory,'  as  well  as  by  M.  So,*  and  in  the  increased 
thermal  expansivity  observed  by  C.  G.  Peters.*  The  form  of  this 
ctirve  shows  clearly  that  there  is  a  rapid  decrease  in  the  ellip- 
tidty  at  these  temperattues,  and  indicates  that  the  cause  of  the 

'  Tool  and  Valasek,  Meeting  of  Am.  Phy».  Soc.  BdtfadiMe;  Deoanber.  19x8. 
*M.  So.,  Proc  Tokyo  MAth.  and  Phys.  Soc.;  September,  29x8. 
•CO.  PctciB.  MMdng  of  Am.  Fliya.  80c.,  Baldinan;  I>coeaiber»  1918. 
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definiteness  of  the  *' annealing  temperature''  and  the  "upper 
Uxoit"  of  the  annealing  range,  when  the  standardized  method 
previously  described  is  used,  is  to  be  foimd  not  only  in  the  rap- 
idly increasing  mobility  of  the  glass,  but  also  in  its  changing 
thermal  expansivity.  In  this  connection  it  should  be  stated 
that  a  large  difference  in  temperature  between  the  center  and  the 
surface  of  the  cylinder  is  necessary  in  order  to  obtain  these  curves 
with  pronounced  maxima  and  minima.  Consequently,  the  sur- 
face temperatures  at  which  the  stresses  become  zero  are  much 
higher  than  if  a  slower  rate  of  heating  were  used.  Furthermore, 
the  higher  rate  allows  a  shorter  time  for  the  stresses  to  relax  in  any 
given  temperature  interval.  This  also  increases  the  measured  tem- 
perature at  which  the  double  refraction  disappears.    Thus  any 
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Fig.  3. — RelaUvt  retardaiion  on  heating 

discrepancy  between  the  temperatures  for  the  disappearance  of 
the  double  refraction  as  taken  from  the  cm-ve  in  Fig.  2  and  the 
results  by  method  I  are  accounted  for. 

The  necessity  for  using  large  rates  of  heating  and  large  differ- 
ences in  temperature  in  order  to  obtain  curves  showing  a  measur- 
able maximtun  or  minimum,  is  evident  when  the  nature  of  this 
effect  is  considered.  The  explanation  is  clear  when  it  is  remem- 
bered that  with  rapid  heating  the  outer  surface  of  the  cylinder 
reaches  the  temperatture  of  increased  rate  of  expansion  (see  Fig. 
9)  considerably  ahead  of  the  center.  This  increases  the  stresses 
and  consequently  the  ellipticity  of  the  transmitted  light.  When 
the  center  has  reached  this  temperature,  the  surface  is  much 
hotter,  and  the  stresses  are,  therefore,  relaxing  much  more  rapidly 
in  the  outer  layers.  This  causes  the  stresses  in  the  central  portion 
to  change  from  tension  to  compression.    At  the  surface  a  re- 
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versal  also  takes  place,  but  it  is  from  compres^on  to  tension. 
A  small  temperature  difference  would  not  show  this  effect  pro- 
nouncedly, but  would  merely  change  the  slope  of  the  elliptidty 
or  retardation  curve,  without  producing  either  a  measurable 
TiiJiYimiitTi  or  a  n^attve  retardation.  When  such  a  procedure 
as  that  in  method  I  is  followed,  this  effect  caused  by  the  change 
in  thermal  expansivity,  merely  increases  the  sharpness  of  the  dis- 
apperance  of  the  restored  light,  and  consequently  the  definiteness 
of  the  points  determined. 

In  a  similar  manner  the  retardations  were  measured  while 
cooling  through  this  r^on.  One  of  the  resulting  curves  is  shown 
in  Fig.  3.  The  cooling  started  well  above  the  ''upper  Umit," 
Table  i,  where  the  glass  was  soft  enough  to  adjust  itself  to  the 
temperature  gradients  due  to  cooling  without  showing  double 
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Fig.  3. — RskUive  reiardaUon  on  cooling 

refraction.  An  inspection  of  the  curve  shows  that  approximately 
at  the  "upper  limit"  the  glass  became  double  refracting,  giving  a 
positive  retardation,  the  retardations  rising  first  at  an  increasing 
rate,  and  then  at  a  decreasing  rate  as  the  cooling  proceeded.  This 
decreasing  rate  is  due  partly  to  the  decreased  thermal  expansiv- 
ity and  partly  to  the  diminished  rate  of  cooling  at  lower  tempera- 
tures. 

These  positive  retardations,  which  became  evident  while  the 
glass  (meditun  flint)  was  becoming  rigid,  were  due  to  the  differ- 
ences in  density  that  were  incorporated  in  the  glass  at  the  high 
temperattues  where  the  glass  was  soft.  The  temperatiure  at 
which  the  retardation  becomes  evident  coincides  closely  with  that 
corresponding  to  the  point  B'  on  the  cooling  curve  showing  the 
apparent  heat  evolution  for  medium  flint.  (For  the  significance 
of  the  point  B\  see  p.  549,  Table  i  and  Figs.  6  and  7.)     There  is 
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also  a  sitggestion  of  a  discontmuity  in  the  slope  of  the  curve 
at  a  somewhat  lower  temperature  which  approximately  corre- 
sponds to  ^',  the  end  of  the  apparent  heat  evolution.  Be- 
tween the  temperature  at  which  this  change  in  slope  of  the 
retardation  curve  occurs  and  that  at  which  the  retardations  first 
become  evident,  it  would  also  appear  that  the  slope  of  the  curve 
is  steeper  than  the  small  change  in  the  cooling  rate  would 
warrant.  Therefore  it  seems  evident  that  the  form  of  tetardatioQ 
curve  obtained  on  cooling  through  this  region  is  modified  by 
the  changes  in  the  thermals  expansivity  and  allied  effects  which 
accompany  some  molectdar  transformation  which  takes  place  in 
that  temperature  range  where  the  glass  ceases  to  deform  readily 
under  small  stresses.    As  in  the  case  of  the  curves  obtained  on 
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Fio.  4. — Relative  retardation  on  cooling  from  various  temperatures 

heating,  it  would  appear  that  the  change  in  the  thermal  expan- 
sivity is  the  most  potent  factor  producing  the  anomalous  charac- 
ter of  the  ciu-ves  for  the  retardation  observed  on  cooling. 

If  similar  determinations  of  the  retardations  evident  on  cooling 
are  carried  out  when  the  starting  point  is  below  the  "upper  limit," 
there  will  be  no  initial  stage  in  the  ctu^e  where  the  double  refracton 
remains  practically  zero.  The  retardations  will,  however,  immedi- 
ately become  negative,  as  indicated  in  the  curves  2  and  j,  Fig. 
4  (based  on  qualitative  observations) ,  then  cross  over  to  positive 
values  at  some  point  that  depends  on  the  starting  temperatine 
and  on  the  cooling  rate,  and  will  remain  permanently  positive 
after  temperature  imiformity  has  been  reached.  For  a  well-an- 
nealed sample,  and  a  starting  temperature  below  that  at  which  the 
glass  loses  its  rigidity,  this  negative  retardation  will  not  change 
sign,  and  will  become  zero  only  when  temperature  imiformity 
is  again  established. 
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The  imtial  negative  retardations  on  these  curves  show  that 
the  glass  is  not  soft  enough  to  adjust  itself  wholly,  in  the  time 
allowed,  to  the  cooling  gradients.  The  magnitude  of  the  maximum 
n^^ative  retardation  will,  th^efore,  depend,  for  any  one  sample, 
on  the  distance  oi  the  starting  point  below  the  ''upper  limit" 
and  on  the  mte  of  cooUng.  The  magnitude  ol  the  positive  retarda- 
tion finally  remaining  is  a]>proximately  the  diflerense  between 
this  maximum  n^^tive  retardation  and  the  retardation  which 
the  same  cooling  rate  would  havc^  produced  in  the  glass  at  a 
temp^erature  where  it  was  quife  rigid.  The  amcnmt  of  permanent 
double  refraetion^  depends,  tberelorei  on  the  plasticity  or  viscosity 
of  the  glass  at  the  starting  temperature  and  on  the  rate  of  cooling. 
This  phase  of  the  subject  has  been  investigated  by  Zschimmer 
and  Schulz,^^^  who  used  a  somewhat  similar  method  to  determine  the 
residual  double  refraction  for  a  certain  mode  of  cooling.  They  found 
that  the  increment  of  retardation  is  inversely  proportional  to  the 
difference  between  the  starting  temperature  9  and  some  other 
temperature  9o  which  appears  to  correspond  closely  to  the  "upper 
limit**  of  method  I.  If  5  denotes  a  quantity  proportional  to  the 
retardation  introduced  by  cooling  from  any  temperature  0,  then 
their  equation  states  that: 

where  »So,  ^o*  cuid  C  are  constants. 

For  temperatures  near  and  above  0^  the  equation  ceases 
to  hold,  and  in  the  latter  case  the  retardation  obtained  by  cooling 
at  a  given  rate  remains  constant.  The  curves  in  Figs.  2,  3,  and 
4,  taken  in  conjunction  with  the  data  of  Zschimmer  and  Schulz, 
show  clearly  the  advisability  of  aimealing  at  the  lowest  temper- 
ature possible  without  unnecessarily  increasing  the  annealing 
time,  and  in  all  cases  below  the  temperature  tfo>  which  corre- 
sponds closely,  as  stated  above,  to  the  "upper  limit"  determined 
by  method  I. 

3.  CRmCAL  RANGE 

The  pecufiar  manner  of  the  disappearance  of  the  stresses  observed 
when  studying  the  effect  of  rapid  heating  upon  theresults  obtained 
by  method  I  led  to  an  investigation  of  the  apparent  heat  absorp- 
tion, and  the  thermal  expansion  in  this  range.  To  determine 
whether  any  heat  effect  accompanied  the  softening  of  the  glass, 
a  differential  thermocouple  method "»  "  was  used.     (See  diagram  of 

MZochiiiimer  u.  Sdnik,  loc.  cit. 

>i  Bursess  and  I^  Ch«tclier,  Heaauremcnts  ol  Bigli  Tanpentarti,  3  cd.,  p.  $m^ 

■  O.  K.  Btirscss,  this  Bixlleda,  5,  p.  199;  1908. 
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apparatus,  Fig.  5.)  One  of  the  junctions  of  a  Pt,Rh — ^Pt — Pt,Rh 
differential  couple  was  placed  in  a  small  piece  of  the  glass 
under  investigation  and  the  other  in  a  neutral  body.  A  third 
wire  of  platinum  leading  down  to  the  junction  in  the  glass  made 
it  possible  to  determine  the  temperature  of  the  glass  as  well  as 
the  difference  in  temperature  between  the  two  junctions  of  the 
differential  couple.  A  number  of  neutral  bodies  were  used,  the 
most  convenient  being  fine  altmdum,  which  was  packed  tightly 
about  the  junction.  The  other  junction  was  introduced  into  the 
glass  either  by  fusion  or  by  placing  it  in  a  small  hole  drilled  into 
the  sample^  or  by  packing  finely  powered  glass  around  it.    The 
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Fig.  5. — Diagram  cf  apparaiusfor  deUrmining  critical  range 

last  method  is  by  far  the  easiest  to  manipulate.  The  mass  of 
glass  used  was  varied  from  approximately  i  to  50  g  and  caused 
only  minor  variations  in  the  result. 

The  glass  and  neutral  body  were  usually  packed  in  a  small 
porcelain  tube  with  fine  alimdum  powder  as  the  packing  material. 
The  porcelain  container  was  then-  placed  in  a  heavy  silver  tube 
which  served  to  equalize  the  temperature  and,  consequently, 
to  reduce  the  differential  readings  due  merely  to  unequal  heating. 
The  silver  tube  with  its  contents  was  then  heated  in  an  electric 
tube  furnace  at  a  constant  rate.  After  some  trials  in  which  rates 
varying  from  }4  to  10^  per  minute  were  tried,  a  uniform  rate  of 
4?  C  per  minute  was  adopted.  A  galvanometer  deflection  of  i  cm 
corresponded  to  approximately  0.4®  C  temperature  difference. 
The  temperature  of  the  glass  was  determined  in  the  usual  way  by 
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a  thermocouple  and  a  potentiometer.  The  galvanometer  and 
potentiometer  circuits  were  supplied  with  the  necessary  keys  and 
switches  so  that  readings  on  the  two  instruments  could  be  taken 
without  interference. 

In  the  cmi;es  shown  in  Fig.  6  the  galvanometer  deflections 
are  plotted  against  the  temperature  of  the  glass.  The  observations 
were  made  4  to  8^  apart,  and  the  errors  of  observation  are  less 
than  the  width  of  the  curves.  In  every  case  it  will  be  seen  that 
the  glass  shows  an  increased  absorption  of  heat  on  heating,  while 
on  cooling  there  is  evidence  of  a  decrease  in  evolution  of  heat  in 
passing  through  the  same  region.  The  temperature  range  covered 
by  the  phenomenon  is  twice  as  great  for  cooling  as  it  is  for  heat- 
ing, and  moreover  the  limits  on  cooling  are  not  so  sharply  defined. 
This  is  often  the  case  with  similar  effects  in  other  materials.  These 
effects  are  not  necessarily  true  endothermic  or  exothermic  trans- 
formations as  these  terms  are  usually  interpreted,  but  for  the 
sake  of  brevity  they  will  be  referred  to  as  heat  absorptions  and 
evolutions. 

The  temperatures  at  the  b^[inning  A  and  the  maximun  B  on 
the  curves  for  the  heat  absorption  on  heating  and  at  the  maximum 
B'  and  the  end  A^  on  the  curves  showing  a  heat  evolution  on 
cooling  were  determined  as  shown  in  Fig.  7.  They  are  given 
for  a  number  of  glasses  in  Table  i.  This  table  shows  that  the 
temperattue  range  within  which  a  rapid  softening  of  the  glass 
occurs,  as  determined  by  method  I,  corresponds  within  reasonable 
limits  to  the  range  between  A  and  B.  It  would  appear,  therefore, 
that  the  heat  absorption  and  the  rapid  softening  of  the  glass  are 
allied  phenomena,  and  that  it  shotdd  be  possible  to  determine 
the  annealing  rauige  by  means  of  the  heat  absorption.  Tests  on 
a  number  of  glasses  in  this  laboratory  support  this  view.  Since 
in  most  cases  it  is  advisable  to  carry  out  the  whole  process  of 
annealing  below  the  temperatures  where  the  glass  becomes  too 
soft,  it  appears  that  the  region  of  this  heat  absorption  must  be 
considered  as  defining  the  upper  limit  of  the  annealing  range. 
The  experimental  errors  in  determining  this  region  are  in  most 
instances  much  smaller  than  those  in  determining  the  annealing 
range  by  other  methods.  Considering  both  accuracy  and  con- 
venience, it  may  be  said  to  be  one  of  the  best  methods  for  this 
purpose.  In  tli^  case  of  certain  opaque  or  colored  glasses  it  is 
especially  advantageous.  This  method  for  determining  the 
annealing  range  will  be  referred  to  as  method  II. 
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The  location  d  this  heat  effect  was  also  determined  by  the  use  of 
the  "inverse  time"  method  of  Osmond.^  This  method  employs 
only  one  couple,  and  involves  the  measurement  of  the  time  that  it 
takes  the  sample  to  rise  through  successive  short  and  equal  steps 
of  temperature.    The  time  interval  is  best  measured  on  a  chrono- 
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Fto.  7. — DeUrmifuUion  cfcriiiaU  rang€from  curves  by  differential  thertnocoupU 

graph  but  can  be  determined  by  a  stop  watch  or,  as  tests  have 
shown,  even  by  an  ordinary  watch  if  great  care  is  exercised. 
The  temperature  meastuements  must  be  accurate  to  within  one- 
half  degree  centigrade.  In  the  glass  factory  it  would  probably  be 
easiest  to  prepare  the  sample  by  dipping  the  end  of  the  thermo- 
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Fig.  8. — Critical  range  by  inverse  rate  method  * 

couple  into  the  molten  glass  and  taking  out  a  very  small 
amount.  With  the  proper  apparatus  the  location  of  this  heat 
effect,  and  hence  the  approximate  annealing  temperature,  could 
be  determined  before  the  pot  had  solidified.  A  base  metal  couple 
should  be  sufficient  for  this  purpose.    Fig.   8  shows  a  curve, 
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obtained  by  this  method,  in  which  an  iron^anstantan  tlicrmo- 
couple,  a  stop  watch,  and  a  Leeds  and  Nortfarup  type  K  poten* 
tiometer  were  employed.  The  point  A  on  this  curve  tndinitwi 
tlie  begiiming  of  the  effect  on  heating,  and  is  identical  with  fbe 
same  pomt  obtained  by  the  differential  method.  The  cusp  C, 
however,  indicates  the  temperature  at  which  the  rat6  of  heating 
is  the  least,  and  does  not  correspond  to  the  point  B  on  the 
differential  curve  in  Fig.  7.  The  latter  point  indicates  appioxi- 
mately  the  end  of  the  effect. 

Fig.  9  shows  the  close  correspondence  between  the  r^pbn  of 
this  heat  absorption  by  the  differential  method  and  the  increased 
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Fio.  9. — Comparison  of  thermal  expansion  and  curoes  by  differeniial  thermocompk 

thermal  expansivity  observed  by  C.  G.  Peters. .  The  effects  begin 
at  substantially  the  same  temperature.  The  curve  for  thermal 
expansion  gives,  therefore,  as  Peters  has  shown,  another  method 
of  determining  the  highest  advisable  anneating  temperature. 

It  was  decided  that  the  beginning  of  these  effects  should  be  con* 
sidered  as  the  upper  limit  of  the  annealing  range.  The  advan- 
tage to  be  gained  by  the  more  nq)id  disappearance  of  the  stresses 
at  higher  temperatures  seems  to  be  outweighed  by  the  necessary 
precautioiia  to  be  observed  on  cooling  tlttougfa  this  region  with« 
out  reintroducing  additional  strain.  As  already  indicated,  this 
difficulty  is  not  dtie  to  the  softness  of  the  glass  alone,  but  also  to 
the  marked  changes  in  the  thermal  expansivity  and  other  con- 
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staxits,  which  accompany  xadkal  changes  in  the  molecular  group* 
ings  of  the  glass.  In  addition,  such  mckteculajr  chai^fes  may  ex- 
pedite certain  dekterious  effects,  such  as  oystaUization  during 
the  annealing  and  slow  cooling. 

The  exact  nature  of  these  changes  in  the  molecular  groupings 
is  not  to  be  explained  without  a  further  and  thorough  investigation 
of  the  subject.  It  appears,  however,  that  they  are  accompanied 
either  by  a  small,  but  definite,  absorption  of  heat  on  heating,  and 
a  corresponding,  but  less  well-defined,  evolution  of  heat  on  cool- 
ing; or,  by  a  change  in  the  thermal  conductivity;  or,  some  other 
property  of  such  a  character  as  to  produce  an  apparent  absorp- 
tion or  evolution  of  heat.  The  usual  magnitude  of  the  relative 
heating  or  cooling  with  respect  to  the  neutral  body  amounted  to 
2  or  3^C.  Although  a  number  of  experiments  were  carried  out 
to  determine  the  exact  nature  of  this  effect,  its  explanation  has 
not  been  established  positively.  Neither  has  it  been  determined 
whether  this  heat  absorption  results  merely  from  a  change  in  the 
specific  heat  ^^  or  something  which  might  be  considered  as  a  heat 
of  chemical  solution  or  reaction,  or  a  latent  heat  of  change  in 
state.^  The  possibility  of  a  change  in  the  specific  heat  or  con- 
ductivity caused  by  the  relaxation  of  the  internal  stresses  was 
considered,  but  no  relation  between  the  magnitudes  of  the  stresses 
and  the  heat  effect  was  found.  Moreover,  powdering  the  glass 
did  not  alter  results. 

M.  So,  whose  observations  corroborated  those  on  the  absorp- 
tion while  heating,  apparently  did  not  notice  the  corresponding 
effect  on  cooling.  He  ascribes  the  effect  to  a  melting  of  some 
component  ia  the  glass.  However,  it  may  suggest  the  rapid 
change  in  properties  which  characterize  a  substance  not  too  far 
removed  from  conditions  which  would  admit  of  the  coexistence 
of  phases  in  equilibrium  at  a  transformation  point. 

In  order  to  determine  whether  the  transformation  was  connected 
with  the  complex  chemical  composition  of  the  usual  glasses, 
some  simple  borax  glasses  were  made  up  with  proportions  rang- 
ing from  pure  boric-acid  glass  to  fused  borax.  The  curves  were 
quite  simiHar  to  those  obtamed  on  the  common  glasses,  but  the 
absorption  occurred  in  different  regions.  The  temperature  ranges 
for  the  absorption  are  given  in  Table  i  under  the  heading  "  Crit- 
ical range." 

It  was  considered  that,  even  in  stable  glasses,  the  transforma- 
tion might  be  associated  with  or  followed  by  a  slight  crystalliza- 

^*  W.  P  White,  Am.  Jour.  Sd..  49;  Jatnsary,  1919.  v  M.  80,  loc.  ctt. 
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tion.  Usually  such  crystallizatioii  effects  are  too  small  to  be 
observed  easily.  Consequently  it  seemed  desirable  to  investigate  a 
case  where  a  marked  crystallization  does  occur.  Some  observa- 
tions were  made,  therefore,  on  the  imstable  soditmi  metasilicate 
glass  made  as  described  by  Guertler.^*  According  to  Guertler 
this  glass  shows  a  large  evolution  of  heat  due  to  crystallization 
when  it  softens.     The  heating  curves  presented  in  Pig.  lo  show 
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Flo.  lo. — Heating  curves  on  sodium  metasiUcated  with  differential  thermocouple 

that  this  exothermic  transformation  in  sodium  metasilicate  glass 
occurs  soon  after  but  not  coincident  with  the  apparent  endother- 
mic  effect  on  heating.  Ctu-ves  j,  2^  and  3  in  this  figtme  were  taken 
in  this  sequence  on  the  same  sample.  They  show  that  the  glass 
can  be  heated  for  a  short  time  beyond  the  first  transformation 
without  changing  its  properties  to  any  great  extent,  although 
the  slight  difference  between  curves  i  and  2  would  lead  one  to 
infer  that  some  crytallization  had  occurred  during  the  first  heat- 


u  Guertler.  Zeits  fur.  Anorg.  Cbem,,  40|  p.  83^:  1904. 
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ing.  On  contmued  heating  the  glass  became  crystaUized,  giving 
the  second  curve,  and  when  heated  again  gave  the  smooth  curve 
shown  as  5.  This  latter  curve  was  continued  until  melting  occurred, 
which  was  above  1000°  C.  It  would  appear,  from  curves  i  and 
2,  that  for  this  glass  at  least  there  is  no  danger  of  crystallization 
when  it  is  held  for  a  short  period  of  time  at  temperatures  near  and 
possibly  even  somewhat  above  the  first  or  endothermic  transforma- 
tion. Ptuther  investigation  showed  that  the  presence  of  a  few 
crystals  caused  crystallization  to  begin  sooner  than  if  a  perfect 
glass  had  been  used,  but  in  no  case  did  it  occur  until  after  the 
first  transformation.  A  more  thorough  study  of  the  tendency 
of  the  ordinary  glasses  to  crystallize  in  this  region  seems  desirable, 
since  in  practice  this  tendency  has  sometimes  been  found  to  inter- 
fere with  the  free  choice  of  an  annealing  temperature. 

Tests  made  on  some  of  the  optical  glasses  from  this  Bureau 
indicated  that  such  glasses  were  too  stable  to  show  sufiident 
crytalU2atiQn  within  the  time  available,  hence  no  relation  could  be 
established  between  the  tendency  toward  crystallization  and 
the  apparent  endothermic  transformations  which  they  show  when 
heated.  Crystallization  of  the  ordinary  glasses  seems  to  be 
greatly  accelerated  by  impurities  ^''  ^  or  dissolved  gases,  as  has 
been  demonstrated.  It  appears  that  the  most  active  substances 
in  this  respect  are  the  chlorides  and  sulphates  that  occur  as  im- 
purities in  potash.  The  general  composition  of  the  glass  and 
the  temperatures  used  in  its  manufacture  are  other  factors  that 
affect  the  tendency  toward  devitrification.  It  has  been  demon- 
strated that  the  injurious  effects  of  impure  chemicals  often  can 
be  ameliorated  by  the  proper  control  of  the  melting  temperature. 
It  wotdd  therefore  be  of  interest  to  determine  whether  these 
imptuities  affect  the  endothermic  transformation  on  heating. 

m.  ANNEALING  TIME 

The  results  outlined  above  all  point  to  the  desirability  of  as 
low  an  annealing  temperature  as  is  consistent  with  the  efficient 
and  rapid  removal  and  prevention  of  permanent  stresses.  In  order 
to  employ  such  low  "annealing  temperatures"  efficiently  it  is 
necessary  to  obtain  some  information  concerning  the  "annealing 
time  "  required,  and  the  rate  of  relaxation  of  the  stresses  at  various 
temperattues.  This  leads  to  the  consideration  of  methods  for 
the  determination  of  Maxwell's  "relaxation  time**  for  stresses 

>*  Cauwood  snd  Turner,  J.  S6c.  Glass  Tech.,  1,  pp.  87-96;  1917. 
*  Fnmer  and  PcrguaQa,  J.  Am.  Cenm:  Soc.,  1,  pp.  468-76;  1918. 
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in  viacoua  media.  A  ntimber  of  such  methods  have  been  in  t]se» 
and  they  are,  perhaps,  the  best  means  available  to  determine  the 
most  satisfectory  anrnpiaKng  time  and  temperatme.  These  meth- 
ods may  be  divided  into  two  classes,  of  which  the  first  to  be  con- 
sidered deals  with  the  rate  of  deformation  of  the  gla^ss  under  an 
external  force,  and  the  second,  with  the  rate  at  which  the  glass  loses 
its  double  refracting  power.  Of  the  first  class,  the  methods  com* 
mcxily  used  consist  of  bending,  twisting,  or  stretching  strips  or 
rods.  Of  these  the  latter  two  are  to  be  considered  the  most 
satisfactory  excq)t  in  those  cases  where  the  preparation  of  the 
samples  is  difiicult. 

The  methods  of  the  second  class  vary  only  in  the  manner  in 
which  the  double  refraction  is  measured.  When  the  stresses 
are  large,  this  may  be  dcme  by  determining  the  rate  of  disappear* 
ance  of  the  interference  rings  in  a  badly  strained  cylinder  of 
glass.  When  they  are  small,  the  retardation  may  be  measured 
by  some  such  instrument  as  the  Stokes  analjrzer  described 
previously. 

The  theory  and  eqiiatios^  necessary  for  the  detemmiation  of 
the  relaxation  time  are  discussed  thoroughly  in  articles  by  Max* 
well,^*  Zschimmer  and  Schulz,^  and  Twyman.*^ 

Some  ctf  the  discussions  wiU  be  given  here,  merdy  tiaat  the 
S3anbols  used  may  be  clearly  defined.  Maxwell's  equation  on 
which  all  these  measurements  are  based  states  that: 

dF    pdS^F 
dt^'^dt     T 

where  F,  5,  and  t  are  respectively  the  stress,  strain,  and  the  time, 
while  E  is  the  elastic  coefficient  involved  and  T  is  a  constant 
called  the  "relaxation  time/' 

According  to  the  value  of  T  and  its  variation  with  the  magni- 
tude of  the  stress,  the  body  wiU  show  the  properties  of  elasticity, 
plasticity ,  or  viscosity.  These  terms  are  used  by  different  authors 
in  different  senses,  and  even  the  same  author  is  not  always  con- 
sistent. This  uncertainty  is,  in  a  large  measure,  due  to  the  present 
incomplete  knowledge  of  the  subject,  but  the  following  discus- 
sion may  serve  tentatively  to  distinguish  between  these  terms. 

When  T  is  infinite  the  above  equation  represents  the  behavior 
of  a  perfectiy  elastic  body.  For  a  large  number  of  the  common 
rigid  bodies  this  condition  is  approximated  until  very  large  forces,^ 
which  are  said  to  exceed  the  elastic  limit  and  to  approach  the 

»  J.  C.  Maxwell.  Phil.  Mag.  (4).  tt*  p.  149;  x868.  «  F.  TwysMi.  loc.  dt. 

M2tdiiinmer  and  Scfaulx,  loc.  dt. 
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Umit  of  ruptuxe,  are  apjdied.  Par  many  materials  T  <>eaGes  to  be 
extremely  large  lor  comparatively  small  stresses.  In  other  words, 
such  materials  have  low  elastic  limits.  Under  stresses,  whose  mag- 
nitude lies  between  the  elastic  limit  and  the  breaking  stress, 
matnials  are  plastic.  Hence  those  materials  with  low,  finite 
elastic  limits  ate  usually  considered  plastic  bodies.  For  a  plastic 
condition  T  tiie  relaxatJoa  time  generally  varies  with  the  stress. 
It  may  be  practically  constant,  however,  if  the  variations  of  the 
stresses  are  ccmfinod  within  centain  limits.  Whta  the  Mastic 
limit  is  zero  and  T  is  independent  of  the  stress,  the  material  may 
be  termed  "viscous."  In  a  truly  viscous  material  T  is  independ- 
ent of  the  stresses  even  when  th^se  are  indefinitely  small.  In 
general,  when  T  is  extremely  large,  the  material  is  elastic;  when 
T  is  a  function  of  the  stress,  the  material  is  plastic;  and  when  T 
is  independent  of  the  stresses,  even  when  they  become  indefinitely 
small,  the  material  is  viscous.  It  is  to  be  noted  that  this  concep- 
tion of  "viscous"  bodies  does  not  identify  "viscosity"  with  the 
"  internal  friction  *'  which  is  characteristic  of  all  substances.^  * 
Generally  there  is  no  sharp  line  of  demarcation  between  the 
elastic,  plastic,  and  viscous  conditions,  and  they  merge  gradually 
into  each  other.  Most  solids,  such  as  metals  or  glass,  may  exhibit 
any  or  all  of  these  properties  depending  on  the  manner  in  which 
they  are  tested.  For  that  reason  they  may  be  termed  elastico- 
plastico-viscous  materials.  Certain  theories  concerning  molecu- 
lar aggregations  and  their  action  in  solids  are  often  helpful  in 
explaining  these  characteristics  and  the  various  elastic  aftereffects. 
A  number  of  such  theories  have  been  advanced,  one  of  which  is 
the  Maxwell-Butcher  "  theory.  It  has  been  employed  by  certain 
investigators  as  an  aid  in  discussing  the  properties  of  glass. 

1.  MBASURSlfmiT  09  THE  KELUATIOH  TIME  BT  AH  APPLIED  LOAD 

When  F  in  Maxwell's  equation  is  constant  as  in  the  methods  of 
the  first  class,  which  employ  a  glass  body  under  a  constant  ex- 
ternal load,  the  following  solution  is  obtained: 

ET^F  ^^ 


.  /dS 
/  dX 


Here  ET  has  the  dimensions  of  a  coefficient  of  viscosity.     In  the 
strip-bending  experiment,  for  example,  F  and  -^  may  be  de* 

**  Thonuoa  and  Talt,  Nat.  Phil.,  1,  art.  741. 

**  tore,  Math.,  Theoiy  Blast.,  Cambridve,  9  ecL,  p.  tf 5. 

M  Butdier,  Proe.  London  Math.  Soc,  8»  p.  109;  1876. 
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tenmned  by  observation  and  the  value  of  ET  calculated.  It 
is  not  possible  to  determine  T  unless  E  is  known,  and  this  is  an 
inherent  weakness  of  this  method  when  T  is  desired.  The  elastic 
coefiSdent  is  not  very  easily  determined  at  the  temperatures  em- 
ployed, and  is  usually  assumed  to  be  approximately  the  same  as 
at  ordinary  temperatures,  although  probably  it  changes  consider- 
ably in  the  critical  range.  When  values  for  T  (expressed  in 
hoturs)  are  calculated  for  several  temperatures  on  the  assumption 
of  some  constant  value  for  E,  they  will  be  found  to  satisfy  the 
equation  given  by  Twyman: 

1 9*^  1  oe  — T— 

In  this,  T#  and  To  are  the  relaxation  times  at  temperatures  0 
and  Oo,  while  A^  is  a  constant  depending  on  the  nature  of  the  glass. 
The  constant  k  may  be  determined  from  observations  on  the  varia- 
tion of  the  rate  of  bending  with  the  temperature. 

The  methods  of  this  type  used  in  this  laboratory  consisted  of 
stretching  thin  rods  or  bending  strips  of  glass.  The  former  was 
used  only  occasionally  to  check  the  results  obtained  by  bending. 
The  latter  method  was  very  similar  to  that  described  by  Twyman 
except  that  in  most  cases  the  strip  rested  on  two  supports  instead 
of  being  clamped  at  one  end.  The  method  of  support  did  not 
appear  to  aflfect  the  results.  When  the  two  supports  were  used, 
they  consisted  of  small  smooth  porcelain  tubes.  The  strips  tested 
were  approximately  50  mm.  long,  4  to  10  mm.  wide,  and  i  to  2  mm. 
thick.  The  loads  varied  from  1 5  to  500  gms.  and  were  always  large 
enough  to  make  the  weight  of  the  strip  negligible  in  the  calcula- 
tions. The  strip  was  heated  in  an  electric  tube  finnace  and 
observed  with  a  long-focus  micrometer  microscope.  The  tempera- 
tinre  of  the  strip  could  be  determined  within  ±2^  C  and  held 
constant  for  a  considerable  length  of  time  to  within  one-half  of 
I  degree.  Observations  on  the  rates  of  bending  were  taken  at 
four  or  five  points  in  an  average  range  of  40®  C  without  chang- 
ing the  load.  The  logarithms  of  the  rates  plotted  against  the 
corresponding  temperatures  fell  on  a  straight  line  as  required 
by  Twjrman's  equation.    The  slope  of  this  line  determines  k. 

The  bending  method  gave  very  consistent  values  for  both  ET 
and  ik'when  the  observations  were  repeated.  The  values  of  k  for 
the  different  glasses  tested  varied  from  10  to  13.  (See  Table  2.) 
The  average  value  was  such  that,  roughly  speaking,  ET  doubled 
for  every  8°  C  drop  in  temperature.     As  the  temperature  was 
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increased  k  seemed  to  increaae  somewhat.  It  must  also  increase 
for  lower  temperatures  since  otherwise  the  glass  wotdd  be  more 
rigid  at  room  temperature  than  the  experiments  of  Zschimmer  and 
Schulz  would  indicate. 

TABLE  2 
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Do 

Do 

Do 

Light  fliat.. 

Do 

Do 
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Bond.. 

do. 

.....do. 


Opdcol.. 
Bond.... 
fiCiolch.. 
OpIicoL. 


Roo^  ^C 


535-585 

555-590 
0OS-64d 

inn  fifin 

510-535 

47S-d3t 
500^ 
440-490 
485-530 


Tm» 


2.1 


8.5 

.OOM 
.8114 
.087 
.0099 


«  Tm  oztropolatod  by  Twymon'o  equoUoD  whon  necessary. 

Hm  tbIuso  OMOmed  for  E  wore  ••  foUowB: 

BoRMllloote -£-750Dk«  ^Qi 
Ugklt  ttot-*£-8BQ0kC^^ 
Doom  flint -£ -8000  ks/mnM 

Contrary  to  expectation  the  values  obtained  for  ET  by  varying 
the  load  from  15  to  250  g  were  constant  within  the  experimental 
error.  Moreover  the  values  for  T,  on  assuming  £  to  be  the  same 
as  at  room  temperature,  were  about  one-sixth  as  large  as  those 
obtained  by  the  optical  method  for  a  retardation  of  10  to  15*^, 
or  approximately  15  to  23  millimicrons.  That  this  discrepancy 
could  be  due  entirely  to  assuming  a  wrong  value  for  E  is  extremely 
doubtftd.  A  more  plausible  explanation  lies  in  the  fact  that  the 
bending  experiments  as  they  were  carried  out  necessitated  the 
use  of  higher  temperatures  and  greater  stresses  than  could  be  em- 
ployed successfully  in  the  more  accurate  measurements  by  the 
optical  methods. 

2.  MEASURBMBNT  OF  THE  RELAZATION  TIMB'BT  AK  OPTICAL  MBTHOB 

For  applying  the  optical  methods  (that  is,  methods  of  the 
second  class)  Zschimmer  and  Schulz  assumed  that  the  deforma- 
tion or  S  remained  constant  while  the  stresses  causing  double  re- 
fraction relaxed.  This  assumption  would  appear  to  be  inade- 
quate, at  least  for  bodies  of  limited  dimensions  imder  no  external 
constraint.  Solving  Maxwell's  equation  on  this  assumption, 
however,  gives 

or<-Tlog.p 
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If  it  is  assumed  that  F  is  proportiQnal  to  the  retardation  t, 
which  Pockels''  has  shown  to  be  the  case  for  externally  applied 
forces,  then 

r-//iog,ao/« 

In  these  equations  Fo  and  So  are  the  initial  stresses  or  retarda- 
tions while  F  and  i  are  the  corresponding  quantities  after  a  time  t. 
When  these  quantities  are  measured  the  relaication  time  T  may  be 
computed,  or  if  log«  5  is  plotted  against  time,  then  T  may  be  f  otmd 
from  the  slope  of  the  resulting  curve.  If  T  is  constant  for  all 
stresses,  this  curve  should  be  a  straight  line.  This  was  not  found 
to  be  the  case,  however,  when  this  method  was  used.  In  fact,  T 
appeared  to  increase  quite  materially  as  the  stresses  and  the  re- 
sulting double  refraction  decreased.  This  was  to  be  expected  if 
the  glass  was  plastic. 

The  retardations  were  meastu^d  with  the  Stokes  analyzer  while 
the  strained  cylinder  of  glass  was  being  annealed  at  a  constant 
temperature.  The  temperature  could  be  kept  constant  within  a 
few  tenths  of  a  degree  for  several  hours.  Some  of  the  resulting 
observations  are  summarized  in  Table  2. 

When  T  was  determined  for  the  same  magnitude  of  retardation 
at  different  temperatures,  it  was  found  that  Twyman's  empirical 
equation  connecting  $  and  T  was  satisfied.  Some  of  the  com- 
puted values  of  the  exponent  k  in  this  equation  are  also  given  in 
Table  2. 

In  order  to  obtain  values  for  T  when  the  retardations  were 
large,  some  observations  were  made  on  the  rates  at  which  the 
rings  in  a  badly  strained  cylinder  disappeared.  A  very  large 
variation  of  T  with  the  magnitude  of  the  double  refraction  was 
evident.  ^Tien  two  or  three  lings  were  visible  the  value  of  T  was 
the  same  as  obtained  by  bending  a  strip.  This  wotdd  indicate 
that  the  difference  in  the  magnitude  of  the  stresses  was  a  factor  in 
causing  the  discrepancy  between  the  two  methods.  It  is  possi- 
ble, also,  that  the  assumption  of  a  constant  strain  is  relatively  a 
closer  approximation  for  larger  strains.  However,  the  entire 
question  of  the  distribution  of  the  stresses,  the  magnitudes  of  the 
elastic  coefficients  involved,  and  of  the  manner  in  which  glass  de- 
forms is  unsettled.  It  is  worthy  of  note  in  this  connection  that 
Zschimmer  and  Schulz  using  an  optical  method  found  that,  at 
room  temperatures,  the  average  retardations  in  pieces  with  large 
strains  would  show  a  perceptible  decrease  after  one  month,  while 

»  F.  PockeU,  Ann.  der  Fhyslk,  7,  p.  745;  1002. 
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the  small  average  retardations  in  samples  with  less  strain  actually 
increased  after  the  same  period  of  time.  If  this  same  condition 
exists  at  higher  temperatures,  it  might  well  cause  the  above  de- 
scribed variaticm  in  T  witii  the  magnitude  of  the  double  refraction 
and  the*discrepancy  in  the  results  obtained  for  the  relaxation  time 
by  the  two  methods. 

The  values  in  Table  2  are  only  a  few  collected  from  tests  to 
determine  the  annealing  time,  and  are  given  to  illustrate  the  points 
discussed  and  to  emphasise  the  necessity  of  a  more  thorough 
investigation  of  the  manner  in  which  the  stresses  relax  while 
the  glass  is  being  annealed.  For  such  an  investigation  the  methods 
for  determining  T  and  h  should  be  far  more  refined  than  is  re- 
quired for  general  testing.  The  determination  of  these  constants 
over*  a  wide  range  of  temperatures  is  especially  desirable.  An 
interference  method  would  undoubtedly  be  of  advantage  in  deter- 
mining the  rate  of  deformation  at  low  temperatures  and 
tmder  small  loads. 

3.  APPLICATION  OF  RELAXATION  TIME 

Although  the  coAStancy  of  T  and  k  must  be  questioned,  in^the 
case  of  the  former  when  the  force  is  varied^  and  of  the  latter 
whea  the  temperature  range  is  very  large,  still  they  are  of  great 
value  in  estimating  the  annealing  time  and  determining  a  cooling 
pi0cedure.  If  the  initial  stresses  are  to  be  reduced  by  holding  at 
some  constant  annealing  temperature  until  they  are  any  fraction 
FfFof  for  example,  one-tenth  of  their  original  value,  then  the  time 
required  to  anneal  will  be : 

U^Tlog.FolF^2.iT 

When  due  allowance  is  made  for  the  variation  of  T  with  the  stress, 

a  very  fair  approximation  to  the  annealing  time  can  be  obtained. 

Furthermore,  the  time  required  for  the  stresses  to  decrease  to 

(A)**  o^  their  initial  magnitude  will  be  equal   to  nxtx  hours. 

In  order  to  obtain  *i  for  successive  drops  of  10*^  in  the  annealing 

temperature,  it  is  necessary  only  to  multiply  by  a  constant  derived 

from  Twyman's  equation.    Thus 

10 

'^(•-lo)  =■  tgifi  e^ 
Assuming  an  average  value  of  ^  « ii  .3  this  would  give  the  relation: 

^(»-io)""2.4  U 

In  arranging  the  annealing  schedtdes,  for  small  articles  at 
least,  usually  it  was  found  desirable  to  choose  an  annealing  tem- 
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perature  sotnewhat  below  the  begmning  of  the  heat  absorption. 
Schedules  beginning  at  temperatures  much  higher  or  much  lower 
were  usually  found  to  be  less  efficient.  Some  experiments  on  a 
piece  of  badly  strained  light  flint  iUuistrate  this.  The  location  of 
the  beginning  of  the  heat  absorption  was  at  485^  C.  It  was  found 
that  10  days  at  430^  C  were  required  to  obtain  the  same  reduction 
of  stresses  that  could  be  obtained  in  one-half  hour  at  485^  C.  On 
the  other  hand,  it  could  be  cooled  very  rapidly  from  the  lower 
temperature  without  reintroduction  of  permanent  strain,  while  from 
485^  C  the  cooling  rate  during  the  fiiist  30  or  40^  required  much 
more  accurate  control  to  obtain  the  same  result.  There  is  1^ 
parently  some  temperature,  with  the  corresponding  method  of 
cooling,  that  gives  the  most  efficient  procedure.  For  small 
pieces  this  teniperature  s^pears  to  be  10  to  20^  C  below  the 
critical  range. 

It  is  of  the  utmost  importance  that  the  temperature  of  the 
glass  should  be  as  uniform  as  possible,  especially  in  the  anneah'ng 
range.  The  introduction  of  strains  in  homogeneous  glass  is 
due  solely  to  temperature  gradients.  Whether  these  are  due  to 
rapid  or  unsymmetrical  cooling,  or  to  a  lack  of  temperature  uni- 
formity while  amiealing,  is  immaterial.  Stresses  due  to  the  latter 
cause  may  be  larger  and  more  harmful,  inasmuch  as  they  may 
be  very  irregularly  distributed.  The  importance  of  temperature 
uniformity  can  not  be  overemphasized,  since  the  lack  of  it  is  the 
chief  source  of  difficulty  in  annealing  glass.  This  is  especially 
the  c€ise  when  fine  annealing  is  attempted.  Temperature  control, 
such  that  there  are  no  disturbing  fluctuations  in,  or  uncertain- 
ties concerning  the  actual  temperature  which  the  glass  attains, 
is  absolutely  necessary  to  instu^  successful  annealing.  Unless 
these  conditions  are  met,  certain  devices  which  are  used  to, deter- 
mine whether  the  temperatures  which  existed  in  a  lehr  or  kiln 
have  been  satisfactory  will  give  misleading  indications.  Such 
devices  usually  consist  of  a  rod  or  tube  of  the  glass  to  be  annealed, 
supported  horizontally  but  free  to  bend.  The  suita]bility  of  the 
temperature  conditions  which  existed  is  determined  from  the 
amount  this  rod  deformed  during  its  passage  through  the 
lehr  with  the  glass  which  was  being  annealed.  Unless  the 
temperature  control  and  distribution  were  satisfactory,  the  in- 
dication derived  from  the  amount  of  deformation  will  have  no 
meaning,  since  a  very  unsatisfactory  temperature  condition 
might  have   produced   the   same   bending.     With   proper  pre- 
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cautions  such  devices  may  be  of  value,  although  examining  the 
product  itself  in  a  reflection  polariscope  would  be  as  easy  and 
would  give  more  reliable  information. 

IV.  COOLING  PROCEDURE 

Certain  generalizations  concerning  cooling  can  be  made,  but 
the  ^ocess  can  not  be  completely  defined  without  a  knowledge 
of  the  conditions  to  be  met.  A  different  cooling  procedure  wiU 
have  to  be  followed  for  every  change  in  the  kind  of  glass  and  in 
the  size  or  shape  of  the  article.  In  any  case  where  all  the  condi- 
tions' are  known  it  is  possible,  however,  to  specify  with  consider- 
able accuracy  what  should  be  a  good  cooling  procedure.  The 
efficiency  of  the  procedure  must  be  determined  by  the  expense 
and  time  required  to  produce  a  satisfactory  product. 

As  an  example  of  a  mode  of  coo&ig  which  proved  very  satis- 
factory from  the  standpoint  of  laboratory  experience,  the  fol- 
lowing experimental  cooling  procedure  is  given.  The  glass  was 
light  flint  and  the  maximum  size  of  the  pieces  was  approximately 
2by  6by  8  cin.  The  cooling  followed  an  annealing  period  of  about 
.  two  hours,  during  which  the  glass  was  held  at  a  constant  uniform 
temperature  of  475**  C,  or  10  to  15**  below  the  critical  range. 
Aft^  various  trials  it  appeared  that  satisfactory  results  could 
be  obtained  by  a  cooling  rate  that  had  reached  5®  C  per  hour  at 
460^  C  and  which  was  increasing  in  such  a  way  that  it  doubled  for 
every  10^  C  drop  thereafter  until  the  natural  cooling  rate  of  the 
furnace  was  reached  at  approximately  420^  C.  This  method  of 
cooling  is  practically  that  suggested  by  Boys,"*  Twyman,^  and 
English  and  Turner  " .  The  previously  mentioned  measurements 
by  Zschimmer  and  Sdiulz  on  the  double  refraction  shown  by 
annealed  glass  were  the  basis  for  considering  the  results  satisfac- 
factory.   The  time  consumed  was  also  taken  into  account. 

Doubtless  the  cooling  rate  could  have  been  further  increased  at 
the  lower  temperatures  since  experiments  on  similar  blocks  showed 
that  a  much  more  rapid  rate  erf  coofing  at  200^  C  did  not  intro- 
duce serious  permanent  double  r^raction.  Increasing  the  rate 
must,  however,  in  any  case  be  discontinued  after  it  becomes  large 
enough  to  produce  stresses  approaphing  the  elastic  limit. 

For  large  pieces  of  the  same  glass,  the  rate  at  any  temperature 
must  be  much  lower.     In  the  case  of  the  simpler  types  of  solids 

*  Boys,  Nature,  M,  p.  250;  19x6. 

W  Twyman,  loc.  dt. 

**  BagUA  ftad  Tuniier,  J.  Soc  Glass  Tocfa..  t,  p.  90;  1918. 
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such  as  the  sphere,  a  statement  of  the  lelatioii  between  the  rate  of 
cooling  and  the  size  may  be  made  when  the  cooling  is  approxi* 
mately  linear.  Linear  cooling  means  equal  changes  of  surface 
temperature  in  equal  time  intervals.  If  the  pieces  ate  not  very 
large  and  the  rate  of  cooling  is  not  changing  rapidly,  the  method 
of  cooling  discussed  above  may  be  considered  to  be  linear  at  any 
instant;  that  is,  the  temperature  distribution  inside  the  piece  of 
glass  approximates  that  of  linear  cooling.  For  linear  ocx>ling  of 
a  sphere  the  difference  between  the  surface  temperature  and  the 
mean  temperature  is  proportional  to  the  square  of  the  raditis.  The 
tangential  stresses  at  the  surface,  which  are  the  largest  stresses  in 
the  sphere,  are  proportional  to  this  difference  in  temperature, 
and,  consequently,  to  the  square  of  the  radius.  The  cases  <d 
the  slab  and  cylinder  are  very  similar,  and  it  may  be  said  that 
the  maximum  stresses  present  are  roughly  proportional  to  the 
square  of  the  least  dimension.  If,  then,  the  cooling  may  be 
considered  linear  in  effect  at  any  instant,  the  rate  of  coding  at 
any  given  temperature  should  be  inversely  prcqpprtional  to  the 
square  of  the  least  dimension. 

In  the  case  of  very  large  pieces  it  may  be  necessary  to  reduee . 
the  annealing  temperature,  and  correspondingly  to  increase  the 
annealing*  time  in  order  to  shorten  the  .extr^nely  long  period  of 
cooling  that  otherwise  would  be  necessary.  Large  blocks  of 
glass  for  optical  purposes  naturally  take  a  longer  time  to  anneal 
because  of  the  more  rigid  requirements  as  to  double  refraction. 

The  mode  of  cooling  just  discussed  i3  based  on  the  increasing 
rigidity  of  the  glass  as  it  cools.  Above  the  critical  range  the 
glass  may  be  considered  to  have  changed  from  a  plastic  to  a 
nearly  viscous  state,  the  elastic  limit  for  a  large  part  of  the  molec- 
ular aggi^ates  being  practically  zero.  As  the  cooling  proceeds 
through  the  critical  range  the  glass  loses  its  viscous  nature  very 
rapidly,  and  below  this  range  may  be  ccmsidered  practically  as  a 
plastic  body.  It  is  in  the  temperature  r^on  where  the  glass  is 
predominately  plastic,  but  still  viscous  enough  to  allow  the  relax- 
ation of  small  stresses,  that  annealing  should  take  place.  Unless 
the  annealing  temperature  is  chosen  too  low,  all  stresses,  no  mat- 
ter how  small,  will  disappear  in  a  reasonable  time  as  measure- 
ments on  the  double  r^raction  will  show.  These  stresses  dis- 
appear completely,  due  to  the  fact  that  the  glass  still  retains  to  a 
certain  extent  its  viscous  character. 

At  lower  temperatures  the  relaxation  time  rapidly  increases, 
and  the  glass  becomes  more  and  more  rigid,  losing  much  of  its 
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plasticity  and  bedMDing  like  an  elastic  substance;  accordingly 
when  the  glass  is  being  cooled  from  its  annealing  temperature, 
the  rate,  which  initially  must  be  relatively  low,  may  be  increased 
as  the  glass  cools  without  adding  materially  to  the  amount  of 
permanent  strain.  The  manner  of  increasing  the  cooling  rate  is 
based  partly  on  the  assumption  that  Twyman's  relation  still  holds 
for  a  considerable  distance  below  the  critical  range.  Although 
the  measurements  by  Zschimmer  and  Sdiulz  would  indicate  that 
the  glass  in  the  cooling  range  grew  rigid  more  slowly,  with  de- 
crea^g  temperature,  than  this  relation  demands,  stall  it  ap- 
pears tliat  it  adequately  represents  the  conditions  so  far  as  the 
first  100^  C  of  cooling  is  concerned. 

In  the  precedixig  discussicm  of  the  annealing  procedure  it  was 
found  convenient  to  use  certain  concepts  and  methods  of  dis- 
cussion which  involve  one  of  the  various  molecular  the(»ies  de- 
vised to  explain  the  continuous  change  of  a  body  from  a  viscous 
fiuid  to  an  dastic  solid.  For  discussing  the  behavior  of  glass  the 
Maxwell-Butcher  theory  seemed  especially  convemetit  Accord*- 
ing  to  this  theory,  metals  and  many  other  materials»  faicJuding 
glasses,  which  are  elastico-plastico-viscous,  are.  compoaed  of 
various  types  of  aggregates,  moleoiles  or  groups  of  molecules, 
which  can  be  divided  into  two  classes*  Aggregates  of  tiie  first 
class  will  deform  under  forces  so  small  that  they  hsfve  no  sensible 
magnitude,  and  those  of  the  second  dass  will  require  a  finite  force 
before  disorganizing.  The  second  class  may  again  be  separated 
into  groiq>s  having  different  disorganization  limits,  or,  in  other 
words»  different  elastic  limits.  When  the  body  consists  chiefly  of 
groups  of  the  first  class,  it  will  behave  as  a  viscous  substance. 
When,  however,  groups  of  the  second  class,  predcmiinate,  the  de- 
formation will  appear  to  be  elastic  for  small  loads  applied  for  a 
shcMt  time,  and  plastic  for  loads  exceeding  the  dastic  limit.  Now 
if  the  disinte^pration  limits  of  any  of  the  groups  vary  with  the 
temperature,  the  elastic  limit,  the  plasticity,  and  the  viscosity  will 
show  variation.  In  the  case  of  glass,  as  the  temperature  is  raised 
the  magnitude  of  the  stresses  necessary  to  cause  the  disint^^a- 
tion  of  many  of  the  groups  becomes  small,  and  the  glass  becomes 
quite  plastic.  This  is  the  condition  that  exists  for  some  50^  C,  or 
more,  below  and  throughout  the  critical  range.  At  higher  tem- 
perattues  the  disintegration  limits  of  many  groups  become  prac- 
tically zero,  and  these  aggr^;ates  then  belong  to  the  first  class. 
The  glass  then  behaves  much  like  a  viscous  fluid. 
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Whether  the  characteristics  of  the  glass  will  be  predominately 
elastic,  plastic,  or  viscous  will,  accordingly,  depend  on  the  tem- 
perature, the  magnitude  of  the  load,  and  the  time  of  its  applica- 
tion. In  the  case  of  the  plastico-viscous  type  of  defcnmation,  the 
relaxation  time  should  under  certain  ccmditions  be  {Kractically 
independent  of  the  load.  These  considerations  show  that,  in  the 
bending  experiment,  a  condition  may  wdl  have  existed  that  caused 
the  relaxation  time  to  remain  independent  of  the  load,  since  the 
manner  of  conducting  these  expoiments  necessitated  the  applica- 
tion of  rather  large  stresses  at  relatively  high  temperature^  in  order 
to  obtain  measurable  rates  of  bending.  These  stresses  may  ea^y 
have  exceeded  the  majority  of  the  disorganization  lunits  at  tfiose 
temperatures.  On  the  other  hand,  the  measurements  by  the  optical 
method  were  carried  out  at  relatively  low  temperatures,  and  for 
small  stresses.  The  glass  was  predominately  plastic  for  these 
conditions,  hence  as  the  retardations  decreased  the  relaxation 
time  contmually  became  larger.  The  two  methods  hsml  hardly  be 
expected  to  agree  when  emplc^ed  under  such  cifflfet^^t  states  of 
aggregation  in  the  glass,  and  with  forces  of  unfike  magnitudes 
applied  in  a  radically  dissimilar  manner.  The  dptical  method 
could  not  be  employed  in  the  critical  range  because  the  double 
refraction  disappeared  so  rapidly  that  time  was  not  available  to 
take  sufBdent  observations.  It  would  appear,  therefore,  that 
this  view  concemir^  the  character  of  such  solids  explains  in  part 
the  discrepancy  between  the  results  as  obtained  by  the  two  methods. 
Moreover,  it  is  apparent  that  these  characteristics  must  be  taken 
into  account  if  the  cooling  method  chosen  is  to  be  efficient.  As 
glass  appears  to  be  always  slightiy  viscous,  there  always  will  be  a 
slight  residual  strain  after  coofing. 

Since  the  selection  of  the  cooling  procedure  depends  on  the  ulti- 
mate strains  introduced,  it  is  necessary  to  determine  their  mag- 
nitude, or  rather  the  magnitude  of  the  stresses  which  accompany 
them.  For  such  a  determination  there  is  no  really  good  method. 
Practically  the  only  one  available  is  the  study  of  the  double  refrac- 
tion. This  method  is  unsatisfactory  in  the  first  place  because 
no  reliable  investigations  have  been  published  which  specify  the 
allowable  double  refraction  for  any  kind  of  optical  glass,  and 
secondly  because  the  different  kinds  of  glass  show  different 
amounts  of  double  refraction  under  the  same  stress.  Th^e  are,  in 
fact,  very  heavy  lead  glasses  that  show  no  double  refraction  tmder 
stress,  while  still  heavier  glasses  exhibit  an  effect  opposite  in  sign 
to  that  of  the  common  types.     In  most,  if  not  all  glasses,  both  com- 
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ponents  of  the  light,  resolved  in  and  perpendictdar  to  the  direction 
of  the  pressure,  are  retarded.  With  the  exceptions  noted  above, 
the  electric  component  vibrating  perpendicular  to  the  direction  of 
the  pressure  is  retarded  by  the  greater  amount.  Under  tension  both 
components  are  accelerated.  Neuman,^  Pockels,'^'  Zsclummer, 
and  Schulz,*^  and  others''  have  investigated  this  subject  quite 
thoroughly,  both  from  theoretical  and  experimental  standpoints. 
They  have,  also,  disscussed  in  some  detail  the  relation  these  double 
refraction  effects  bear  to  the  chemical  composition.  This  aspect  of 
the  subject,  however,  is  not  well  enough  tmderstood  to  be  of  any 
great  aid  in  testix^.  Consequently  such  standards  as  have  been 
established  are  purely  arbitrary.  It  may  be  possible  to  establish 
more  definite  standards  by  specifying  the  relation  between  the 
double  refraction  due  to  permanent  strain  and  that  produced  by 
a  standard  pressure  on  a  standard  ^)edmen  of  the  same  glass.  Only 
a  careful  investigation  will  show  whether  such  a  method  is  feasible. 
At  present  it  is  only  possible  to  state  that,  in  annealing  glass  for 
optical  purposes,it  is  advisable  to  remove  the  stresses  as  completely 
as  possible,  and  to  bring  about  a  symmetrical  distribution  of  those 
stresses  which  cannot  be  removed  in  the  time  available.  This 
latter  can  be  accomplished  only  when  the  temperature  distribution 
over  the  surface  is  uniform  during  annealing.  It  is  not  difficult  to 
anneal  stnall  pieces  so  that  the  double  refraction  is  imperceptible 
under  ordinary  methods  of  testing. 

It  is  often  of  advantage  to  know  something  of  the  magnitude  and 
distribution  of  the  stresses  in  the  body  during  cooling.  The  theory 
of  these  thermoelastic  stresses  has  been  thoroughly  developed  by 
Neuman,"  Hopkinson,**  Rayleigh,**  and  others.**  They  have 
also  given  the  equations  for  the  stresses  in  a  ntunber  of  cases 
under  certain  conditions  of  heat  flow.  These  equations  are  quite 
interesting,  and  are  in  a  number  of  cases  important  in  testing. 
In  the  case  of  annealing,  however,  they  do  not  give  the  distribution 
of  stresses  since  they  all  assume  that  the  stresses  depend  only  on 
the  existing  temperature  differences.  In  the  actual  process  of 
annealing  and  cooUng  the  stresses  are  continually  relaxing  at 
various  rates  through  viscous  and  plastic  flow,  so  that  those  present 

*  Neuman,  Pogg.  Ann.,  5i,  p.  449;  Z84X. 

*  F.  Podcds,  Aim.  d.  Fhys.,  7,  p.  74s;  zgoa. 
n  Zsdununer  and  Schulz,  loc.  at. 

»  Xerr.  PhaL  Mag.  (5).  It6.  p.  jaz;  z886. 

**  P.  B.  Ncnnian.  Vorks.  ubcr  d.  Thflorie  d.  Elatt.  d.  f est  Korper,  I^pdg;  Z885. 

**  Hopkinflon.  Mas.  of  Math.,  8.  p.  z6S;  z879- 

*  Rayldgfa,  Phil.  Mag.  <6X  1,  p.  169;  Z901. 

**  Thcpidilicationiii  thencarfntureofaooUcctionof  tbesefonnvlasisGonteinplatcd. 
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at  any  time  depend  not  only  on  the  temperature  distribiition 
then  present  but  on  the  whole  previous  history  of  the  annealing. 
These  equations  do,  however,  lead  to  a  better  tmderstanding  of 
the  manner  in  which  the  strains  are  produced  in  glass  by  different 
modes  of  cooling.  They  also  make  it  possible  to  gain  an  approxi- 
mate idea  of  the  stresses  dining  any  process  of  heat  treating. 

V.  CONCLUSIONS 

In  summarizing  the  annealing  procedinie,  it  is  evident  that  the 
first  step  is  to  determine  a  suitable  ''annealing  temperature." 
This  may  be  done  by  the  use  of  method  I,  or  still  better,  by  deter- 
mining the  beginning  of  the  critical  range  (method  II).  With  the 
proper  apparatus  (described  on  p.  551)  this  latter  determination  is 
simple  and  preferable.  If  it  is  used,  the  anneialing  temperature 
should  usually  be  chosen  10  or  26®  C  bdow  the  beginning  of  critical 
range. 

The  next  step  requires  the  determination  of  the  ''annealing 
time"  corresponding  to  the  chosen  "annealing  temperature." 
This  is  most  easily  done  by  studying  the  rate  of  deformation  of 
loaded  rods  of  glass.  In  this  way  the  "relaxation  time,"  and 
hence  the  "annealing  time"  for  any  degree- of  annealing,  can  be 
approximated  in  the  manner  discussed. 

A  study  of  the  change  of  the  relaxation  time  with  temperature 
aids  in  determining  the  proper  rate  and  mode  of  cooling.  >  Since, 
for  a  certain  temperature  interval  below  the  critical  range,  the 
relaxation  time  increases  very  rapidly  with  decreasing  tempera- 
ture, the  rate  of  cooling,  which  initially  must  be  very  small,  may 
be  increased  gradually  to  a  certain  maximum.  This  maximum 
and  the  rate  at  any  given  temperature  depends  on  the  size  and 
other  characteristics  of  the  object  to  be  annealed.  A  cooling 
procedure  which  appears  satisfactory  for  small  pieces  is  discussed 
under  "  cooling. " 

Since  the  rate  of  cooling  must  be  reduced  materially  in  anneal- 
ing large  pieces,  consideration  must  be  given  to  the  fact  that  the 
slow  cooling  in  the  upper  range  allows  the  thermodastic  stresses 
to  act  for  a  much  longer  time.  This  makes  it  seem  advisable  to 
anneal  at  a  lower  temperatinre  where  the  relaxation  time  is  larger. 
In  this  case  the  annealing  time  must  be  increased  according  to 
Twyman's  equation.  For  example,  if  the  annealing  temperature 
is  reduced  20**  C,  the  annealing  time  should  be  increased  by  a 
factor  of  at  least  4  and  possibly  8.  The  cooling  may  then  begin  at 
a  much  more  rapid  rate. 
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The  procedure  outlined  here  can  serve  at  best  only  as  a  guide, 
since  in  actual  practice  the  conditions  are  entirely  different  from 
those  which  exist  in  a  laboratory.  The  chief  causes  of  poor  re- 
sults in  practice  are  without  doubt  the  lack  of  tempeiuture  luii- 
formity,  fluctuations  in  the  temperature  dtning  the  annealing 
period,  and  too  rapid  or  irregular  cooling  in  the  upper  part  of  the 
cooling  range.  It  is  essential  that  the  glass  take  on  the  required 
temperattuie  for  the  required  time  while  annealing,  and  that  it 
does  not  merely  pass  through  air  heated  to  that  temperature.  In 
cooling,  care  must  be  taken  that  the  heat  flow  is  not  chiefly 
through  one  part  of  the  surface,  especially  when  the  body  is  some- 
what extended. 

VI.  SUMMARY 

Certain  methods  for  determining  the  annealing  range  were  tested, 
and  the  *' annealing  temperatures"  obtained  are  given  for  a  num- 
ber of  optical  glasses. 

The  critical  temperature  range  for  these  glasses  was  determined. 
In  this  range  there  is  an  apparent  absorption  of  heat  on  heating, 
and  a  oorresponding  evolution  of  heat  on  cooling.  In  this  range 
there  is,  also,  a  marked  change  in  a  number  of  the  properties  of 
glass.  For  most  optical  glasses,  at  least,  it  was  fotmd  advisable 
to  anneal  at  a  temperature  somewhat  below  this  range. 

Some  of  the  methods  available  for  determining  the  relaxation 
time,  and  consequently  the  ''  annealing  time, "  were  tested.  The 
manner  in  which  the  relaxation  time  varies  with  the  temperature 
was  investigated,  also,  and  some  results  on  representative  glasses 
are  given. 

A  cooling  procedure  which  proved  very  satisfactory  in  the  labora- 
tory is  discussed.  Mention  is  also  made  of  the  factors  which  must 
be  considered  in  cooling  the  glass  and  in  testing  the  final  product. 

Acknowledgment  is  due  to  Dr.  Paul  D.  Foote  for  initiating 
this  investigation,  and  to  C.  O.  Fairchild  for  suggestions  in  tem- 
perature measiurement  and  control. 
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1.  IMTRODUCTIOW 

In  Bnnsen's  efiFusion  method  for  determining  the  relative 
densities  of  gases,  two  gases  are  successively  allowed  to  flow  tmder 
a  small  pressure  head  through  a  very  smaU  hole  in  a  thin  plate 
The  denser  the  gas  the  slower  is  the  rate  of  efflux  or  effusion, 
and  if  the  conditions  of  pressure  and  temperature  are  the  SBxmt 
for  both  gases,  the  times  required  for  the  escape  of  a  given  voltune 
axe  approximately  proportional  to  the  square  roots  of  the  den- 
sities. Accordingly,  the  densities  may  be  set  proportional  to  the 
squares  of  the  times,  and  the  subsistence  of  this  relation  permits 
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of  a  simple  experimental  comparison  of  the  densities  by  means 
of  time  measurements. 

In  ge«end|  the  iielation  just  mentiqnei  is  only  rougldy  appvox- 
imate  and  except  with  special  precautions  the  effusion  method 
is  not  at  all  satisfactory,  errors  of  30  or  40  per  cent  being  possible. 
It  has  been  ttsed  to  a  considerable  eoctentt  in  the  natural  gas  in- 
dustry, and  in  consequence  of  diflSculties  encotmtered  in  practice 
this  Bureau  was  requested,  in  191 S^.  to  investigate  the  subject 
and,  if  possible,  suggest  means  for  making  the  method  more 
teliable.  The  work  was  imdertaken  by  one  of  the  present  authors 
and  the  results  obtained,  in  ao  las;  as  thev  araof  immediate  interest 
to  gas  engineers,  have  already  been  published^  and  need  not  be 
further  discussed  from  the  piu-ely  practical  point  of  view.  The 
present  paper  deals  with  the  more  strictly  sdentifii^  aspect  of 
the  investigation. 

At  the  beginning  of  the  experiments  it  was  impossible  to  fore- 
see the  length  to  which  the  work  would  need  to  be;. carried,  and 
the  experimental  accuracy  aimed  at  in  designing  ihB  iq»p«ratu8 
to  be  used,  while  ample  for  the  commercial  ends  theil  in  view, 
was  not  so  high  as  we  could  have  desired  when  the  work  had  gone 
on  for  some  time  and  the  complexities  of  the  subject  were  better 
appreciated.  Some  improvements  and  refinements  were,  how- 
ever, introduced  as  opportunity  offered  and  the  later  measiure- 
ments  are  more  satisfactory  than  the  earlier  ones. 

The  chief  fault  to  be  found  with  the  experimental  datai  is 
that  there  are  not  more  of  them.  It  would  be  interesting,  with 
our  acctunulated  experience,  to  restime  and  extend  the  work, 
which  was  interrupted  in  the  summer  of  191 7.  This,  however,  is 
impossible  and  we  therefore  publish  a  description  of  the  results 
of  the  investigation  in  the  hope  that  in  spite  of  their  obvious 
incompleteness  they  may  be  of  interest. 

2,  GBNBIUU^  OUTLINE  OF  THE  IHVESTIGATIOiR 

Preliminary  experiments  with  a  number  of  orifices  and  with 
several  gases,  the  densities  of  which  had  been  determined  gravi- 
metrically,  gave  rather  surprising  discrepancies  and  irregulari- 
ties in  the  rates  of  effusion,  and  showed  that  liie  diflSciulties  en- 
countered in  the  commercial  determination  of  specific  gravities 
by  the  effusion  method  could  not  all  be  ascribed  to  faulty  pro- 
cedure or  utlsatfsfactory  Inanipulation,  but  represented  inherent 
dmracteristics  of  the  method  itself.     It  soon  became  evMent 

^  J.  D.  Bdwards,  Tedi.  Paper  No.  94*  Bur.  of  Standards;  Met.  Chem.  Bns..  16.  pp.  5zS-sa4, 19x7* 
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that  a  sjstetaatic  iavestigatUa  would  lae  required  and  that  the 
ezperimeixtai  work  must  be  pkumed  and  the  resakd  as  obtained 
ajoalyzed  and  interpreted  in  tiie  Ught  of  such  theoretical  con- 
sidemtiona  as  could  be  brougfart  to  bear.  The  'first  ta^  was, 
therefore,  to  devise  some  sort  oi  theory,  making  it  very  simple 
at  first  and  adding  to  or  modifying  it  as  might  be  found  necessary 
in  order  to  fit  the  observed  facts  as  the  experiments  proceeded. 

The  orifices  being  rather  small,  it  seemed  at  first  sight  that  it 
might  be  necessary  to  have  recourse  to  the  kinetic  theory  of  gases. 
But  since  even  the  smallest  diameter  used  is  about  300  times  the 
mean  free  path  for  hydrogen,  imder  the  working  conditions,  it 
appeared  upon  consideration  that  it  would  probably  be  sufficient 
to  regard  each  gas  as  a  continuum  and  to  treat  the  orifices  merely 
as  small  steam-turbine  nozzles,  keeping  in  mind  that  disturbing 
causes  which  are  of  negligible  importance  for  nozzles  and  orifices 
of  diameters  of  the  order  of  i  cm  might  well  have  appreciable 
effects  for  diameters  100  times  smaller.  The  theory  was  therefore 
developed  on  this  basis. 

The  general  method  was  first  to  compare  the  experimental 
results  obtained  with  the  equations  for  adiabatic  flow  of  an  ideal 
gas  through  a  frictionless  orifice.  It  at  once  appeared  that  there 
was  no  agreement  and  that  the  flow  was  certainly  not  of  this 
character.  An  allowance  for  the  effect  of  viscosity  was  then 
introduced  and  a  qualitative  agreement  between  theory  and 
observation  was  obtained,  but  it  was  evident  that  at  least  one 
more  disturbing  factor  must  be  taken  into  account.  Trans- 
mission of  heat  from  the  walls  of  the  orifice  to  the  jet  of  gas  was 
next  considered  and  a  correction  for  this  was  tentatively  intro- 
duced into  the  theoretical  equations.  The  theory  as  thus  modified 
seems  to  be  adequate  to  representing  the  observed  facts  quan- 
titatively, for  most  of  the  orifices  on  which  much  work  was  done, 
within  the  rather  wide  limits  of  error  of  the  experiments. 

For  orifices  with  a  very  sharp  entrance,  and  presumably, 
therefore,  for  orifices  in  very  thin  plates,  it  appears  that  the  occur- 
rence of  contraction  of  the  jet  enters  as  an  additional  complica- 
tion; while  the  effect  of  this  has  been  recognized,  we  have  not  suc- 
ceeded in  representing  it  quantitatively  in  the  equations.  To  do 
so  would  require  a  long  series  of  accurate  experiments  which  can 
not  now  be  undertaken.  We  have,  therefore,  to  rest  satisfied 
with  having  devised  a  rational  physical  interpretation  of  the  major 
portion  of  the  observed  facts,  which  appears  to  be  sound  so  far  as 
it  goes,  thtis  giving  us  some  imderstanding  of  the  phenomena 
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and  enabling  us  to  maike  qualitative  predictions  wtdi  respect  to 
the  relative  behaAdor  of  gases  of  known  physical  pioperties  flowing 
through  small  orifices  with  rounded  entrances. 

A  great  deal  of  time  had  to  be  spent  in  devismg  and  testing 
various  modifications  of  the  theory,  but  only  the  final  form  of 
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it  need  be  discussed  in  any  detail.  The  bare  experimental  results, 
if  presented  separately  from  the  theory,  would  be  difficult  to 
grasp,  and  it  seems  that  the  best  mode  of  exposition  will  be  to 
develop  the  theory,  comparing  it  step  by  step  with  the  facts  which 
it  purports  to  represent.  After  describing  the  apparatus,  the 
experimental  procedure,  and  the  materials,  we  shall  pursue  the 
plan   just   mentioned. 
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8*  EFFUSION  APPARATtTS  AND  METHOD    OF  EXPERI- 
MENTING 

Apparatus  No.  I,  which  was  used  in  most  of  the  ^Fusion  experi- 
ments, is  shown  in  outline  in  Pig.  i .  It  consisted  of  a  vertical, 
cylindrical,  glass  gas  chamber  G,  surrounded  by  a  water  jacket 
and  connected  through  a  glass  tube  to  the  mercury  reservoir  R. 
The  rubber  stopper  which  dosed  the  upper  end  of  the  gas  chamber 
carried,  first,  a  glass  tube  in  which  the  orifice  was  mounted  and, 
second,  an  inlet  tube  through  which  the  gas  could  be  introduced 
underpressure. 

During  the  course  of  a  run,  with  the  inlet  tube  closed  and  the 
orifice  tube  open,  the  gas  in  G  was  under  an  excess  of  jM'essure 
equal  to  the  difference  of  level  of  the  mercury  in  the  two  sides  of 
the  apparatus.  As  the  gas  escaped  through  the  orifice,  the 
mercury,  falling  in  R  and  rising  in  G,  swept  the  gas  before  it,  and 
at  the  same  time  the  excess  pressure  gradually  decreased  as  the 
anercury  surfaces  in  R  and  G  approached  the  same  level. 

The  internal  diameter  of  G  was  about  22  mm  and  that  of  the 
tube  connecting  it  with  R  was  about  8.5  mm.  A  short  length  of 
heavy-walkd  rubber  tubing  was  inserted  at  a  break  in  this  tube, 
so  that  the  mercury  reservoir  could  be  cut  off  by  a  pinchcock 
when  it  was  desired  to  evacuate  the  gas  chamber.  The  coimecting 
tube  was  not  blown  on  to  the  lower  end  of  G,  as  shown  in  the 
figure,  but  attached  through  a  short  rubber  connector  so  that,  the 
connection  could  be  broken  at  this  point. 

Six  platinum  contact  points  were  sealed  into  the  wall  of  G  and 
insulated  connecting  wires  Were  led  from  them  up  through  the 
water  jacket.  When  gas  was  escaping  from  the  orifice  during  a 
run,  the  mercury  rising  and  driviiq^  the  gas  before  it  made  elec- 
trical contact  with  these  points,  one  after  the  other,  and  the 
instants  of  contact  were  recorded  automatically  on  a  chronograph 
controlled  by  the  master  clock  of  the  Bureau.  The  time  intervsd 
between  any  two  successive  contacts  could  thus  be  determined 
to  about  0.65  second. 

The  spacing  of  the  six  contact  points  determined  five  volume 
intervals.  The  volume  of  each  was  found  by  weighing  the  mer< 
cury  required  to  fill  it,  the  gas  chamber  G  being  disocmnected  for 
this  purpose  so  that  mercury  could  be  run  out  at  the  bottom. 
The  volumes  of  the  intervals,  counting  from  tiie  bottom  up,  were 
found  to  have  the  values  shown  in  Table  i. 
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The  differeiK^e  of  the  chronograph  readings  for  the  b^ii^ 
end  of  any  interval  gives  the  time  required  for  the  escape  of  a  mass 
of  gas  which  occupied  the  volume  of  that  intervad  vaader  the  con- 
ditiotiscrf  pressure  and  temperature  prevailing  within  the  appamtus. 
When  the  volume  of  the  interval  is  divided  by  this  time,  the 
result  is  the  mean  rate  of  decrease  of  volume  of  the  confined  gas, 
in  cubic  centimeters  per  second,  a  quantity  required  in  the  com- 
putations as  a  measure  of  the  rate  of  effusion. 

For  a  given  gas  and  a  given  orifice  the  mte  of  effusion  depends  on 
the  excess  of  pressure  within  the  container  G  over  the  barometric 
pressure  of  the  outside  atmosphere  into  which  the  gas  escapes; 
in  other  words,  on  the  difference  of  level  of  the  mercury  surfaoes 
in  R  and  G.  With  a  given  apparatus  and  a  given  volume  of  gas, 
this  head  ^p  depends  on  the  amount  of  mercury  used.  With 
apparatus  No.  I,  as  actually  used,  the  heads  of  mercury  at  the 
instants  of  contact  with  the  six  points,  counti]^  from,  the  bottom 
ttpi  were  as  shown  in  Table  a : 

TABLB  2.— Values  oiAp  for  Appttatos  No.  I 


]nltltlbtt  of  pOHlt. 


1 
251 


2 

291 


3 
154 


6 


The  loss  of  head^ue  to  liie  resistance  of  the  connecting  tube  to 
the  flow>  of  mercufy  was  estimated  and  found  to  be  negligible. 

The  total  pressure  p^  within  the  gas  diamber  at  any  instant  is 
the  sum  of  the  instantaneous  values  of  the  head  Ap  and  the  oat- 
side  barometric  pressure  p,  which  was  read  from  a  standard 
barometer. 

The  temperature  of  the  water  in  the  jacket  was  always  nearly 
the  same  as  that  of  the  room  and  did  not  vary  more  than  a  few 
tenths  of  i  degree  C  during  any  one  experiment,  comprising  several 
runs  on  air  and  several  on  one  oi  the  test  gases.  It  was  assumed 
to  be  the  same  as  the  temperature  of  the  gas  within  G.  The 
slight  error  in  this  assumption,  due  to  the  fact  that  the  gas  is  ex- 
panding slowly,  was  computed  and  found  to  be  quite  negligible. 

In  addition  to  the  apparatus  just  described,  a  second  which  we 
shall  designate  as  apparatus  No.  II,  was  used  in  a  few  of  the  later 
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e3q}eriiii«titl.  In  ifB  gentrai  design  it  was  nmch  ffioe  No.  I  and  in 
was  used  in  the  same  way,  but  it  was  larger,  so  that  the  times  of 
e£Fu8ton  were  longer  and  the  errors  m  timing,  therefore,  less  im- 
portant. The  water  jacket,  which  had  given  rise  to  some  insula^ 
tion  difficulties,  was  replaced  by  an  oil  jacket  in  which  circulation 
and  uniformity  of  temperature  were  maintained  by  means  of  an 
air  lift  in  a  vertical  side  tube  which  was  joined  to  the  jacket  at 
top  and  bottom. 

Apparatus  No.  II  had  nine  contact  points  defining  eight  volume 
intervals.  The  volumes,  measured  as  before  by  weighing  mercury, 
were  found  to  have  the  values  shown  in  Table  3. 


TABLB  3.r-VoliimM  Inr  AffftfitiM  II*.  O 

IfmklMf  qI  lutacfd. . 
VoliiiB#  In  cbMc  MB- 

1 

54.69 

2 

4S.38 

50.71 

4 
50.56 

5 

41.56 

6 

as.  06 

y 

27.47 

i 

22.60 

The  heads  of  macmy  at  the  instants  of  contact  with  the  points 
were  found  to  be  as  shown  in  Table  4: 

XABIiB  '4.— Values  of  A/»  for  Appantos  No.  U 


A^  mlUtnMwtift. . 


1 
266.9 


2 

223.1 


S 

1M.2 


4 
143.6 


5 

103.1 


6 
69.9 


7 
43.2 


8 

i9.a 


9 

1.5 


A  few  experiments  were  also  made  with  a  third  piece  of  appa^ 
ratus.  This  was  intended  for  use  with  very  low  heads  and  sul- 
phuric acid  of  denisty  i  .84  was  used  instead  of  metxrury .  There 
was  only  ope  interval  and  its  volume  was  189.4  <^*  The  heads  at 
the  begixming  90^  end  of  this  interval  were  120  ai^  6  mm  of 
H^O^,  equivalent  to  14.9  and  0.81  mm  of  merctuy. 

4.  ORIFICES 

The  orifice  plates  were  made  from  a  stiff  platinum-indium  alloy 
and  were  about  5  or  6  mm  in  diameter.  The  hole  was  pierced 
with  a  fine  needle  and  then  reamed  out  as  desired.  Any  burr 
could  be  removed  and  the  plate  ground  down  by  rubbing  on  fine 
emery  paper,  the  appearance  of  the  orifice  dmring  the  finishing 
operation  being  ob|served  tmder  th^  microscope.  The  thickness 
of  the  plate  was  measured  by  a  micrometer  caliper  and  the  diam- 
eter of  the  hole  was  deduced  Sxovfx  a  number  of  measurements 
imder  a  micrometer  microscope.  When  the  plate  was  finished  it 
was  seeded  into  the  exid  of  a  glass  tube  ^md  another  pieoe  of  tube  was 
then  sealed  on,  so  that  when  the  Job  was  complete  the  orifice 
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plalte  {oirtBjed  &  cBaphn^m  across  the 
tubefS  or  io  cm  long. 

The  dimensions  of  the  orifices  to  which  refensnce  will  be  m&de 
in  this  paper  are  given  in  Table  5 : 

TABLE  5.--]>faiieiisliaii8  of  the  Orifices  in  Hfflimeten 


Numlnr  of  oriflee. :, - . . , 

23 

0.070 
.04 

ZB 
0.0G9 
.10 

2» 

0.055 
.09 

S% 

Amifli4ffr  flf  boift- ■••.•....................'............ 

0.087 

.lO 

Orifice  ^o.  23  was  used  in  two  positions  and  will  be  referred  to  as 
23 A  or  23B,  depending  on  which  face  was  uppermost. 

It  was  not  practicable  to  finish  such  small  orifices  with  any 
great  nicety,  hence  theboks  were  not  quite  round  and  theu- 
edges  were  more  or  less  irregularly  rounded  off  and  neither 
perfectly  smooth  nor  perfectly  sharp. 

5.  OASES 

Four  samples  of  gas  were  used  in  addition  to  air  whkh  served 
as  the  standard.  They  were  Stored  in  steel  cylinders  at  high 
pressure  and  drawn  off  as  needed  through  pressure  regulators 
which  delivered  them  at  a  convenient  rate  for  filling  the  appa- 
ratus. The  gases  were  not  pure,  but  to  avoid  circumlocution  each 
gas  will  be  designated  by  tiie  name  of  its  most  important  con- 
stituent and,  when  appropriate,  denoted  by  the  chemical  symbol 
of  that  constituent.    The  gases  may  be  described  as  follows: 

Hydrogen,  H,.— ^This  was  a  commercial  electrolytic  gsis.  Its 
specific  graivity  referred  to  air,  when  determined  gravimetrically 
at  the  beginning  of  the  investigation,  was  found  to  be  0.08854, 
the  value  for  pure  hydrogen  being  0.06951.  Assuming  the  impu- 
rity to  consist  of  oxygen,  the  oxygen  content  was  about  1.8  per 
cent  by  volume. 

After  an  interval  of  about  one  year,  during  which  the  gas  had 
been  kept  in  a  steel  cylinder  imder  pressure,  new  effusion  experi- 
ments indicated  that  the  gas  had  become  lighter.  A  new  deter- 
mination of  the  specific  gravity  was  therefore  made  and  the 
result  was  0.08587,  corresponding  to  an  oxygen  content  of  1.6 
per  cent  by  volume. 

Methane,  CH^. — This  was  a  sample  of  natural  gas.  It  con- 
tained over  90  per  cent  of  methane  and  its  specific  gravity  was 
found  to  be  0.583,  the  value  for  pure  methane  being  0.554. 

Carbon  Dioxide,  CO^. — ^This  was  a  commercial  gas  of  specific 
gravity  1.528;  since  the  specific  gravity  of  pure  carbon  epoxide 
is  1.529,  this  sample  appears  to  have  been  fairly  pure. 
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Argan^  Ar.-'^Thh  wos  a  mixture  of  aiigea,  oicygd^  and  nitrogen, 
obtained  from  liquid  air.  Its  specific  gravity  was  1.167,  and 
this,  together  with  a  volumetric  determination  of  the  oxygen 
content,  showed  that  the  composition,  in  volume  per  cent,  was 
approximately 

Ar-33     0,-46     N,  =  2I 

The  details  of  ihe  method  of  gravimetric  determinntion  of  gas 
density  are  given  in  Techcmologic  Paper  No.  94  of  this  Bureau. 

In  addition  to  the  specific  gravities  of  the  gases,  data  on  cer- 
tain other  physical  properties  were  required  for  use  in  developing 
and  testing  the  theory.  The  fir^t  of  these  was  the  specific  heat 
ratio  CptCr^h.  It  was  assumed  that  the  value  for  air  was 
i««  1.400  and  that  the  value  for  hydrogen  was  the  same.  The 
values  for  the  other  three  gases  were  measured  in  terms  of  the 
value  for  air  by  means  ol  a  Kundt's  tube,  using  the  measured 
qiedfic  gravities  in  the  computations.  The  precision  of  the 
Kundt's  tube  measurements  was  ample,  the  accuracy  of  k  being 
limited  by  that  of  the  gravimetric  determiaatioos  of  specific 
gravity.    The  values  of  ib  are  given  in  Table  6. 

It  was  also  necessary  to  know  the  relative  viscosities  of  the 
gases,  although  no  high  accuracy  was  required  because  the 
values  woe  to  be  used  oidy  in  compttiting  oorrectk»s.  Thedeter- 
minations  were  made  by  sitbstitiititig,  in  apparatua  No.  I,  a 
long  fine  glass  capillary  for  the  orifice  tube,  and  comparing  the 
rates  of  escape  of  air  and  of  the  gas  in  question  tmder  identical 
conditions  of  pressure  and  temperature.  The  values  of  the 
relative  viscosity  mVm  referred  to  air  are  given  in  Table  6.  The 
quantities  P  and  fi'lfi  which  are  also  included  in  Table  6  will  be 
discussed  later. 

TABLE  6.— Physical  Properties  of  <he  Osses 


ft^  ,  .Mill    ^MM^lw 

Air 

Hi 

CBi 

00, 

Al 

t^lp^h 

1.000 

0.06854(1916) 
.06587(1917) 

0.583 

1.528 

1.169 

CwlC^k 

1.400 

1.400 

L203 

1.290 

1.461 

(*-i)/4«a 

2 

T 

2 

T 

.238 

.22$ 

.816 

m7m 

1.000 

.519 

.618 

.815 

1.126 

af9tl<m4^P 

1.000 

1.745 

.660 

.519 

1.158 

fi'lfi 

(taotadvs) 

1.00 

1.69      (1916) 
1.62      (1917) 

.47 

.46 

1.10 

fi'lfi 

(ai  flaally  metf) 

1.00 

1.50 

.75 

.40 

1.04 

The  values  for  air  are  all  given  by  definition  or  assumption. 
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t.  MBTHOD  OF  RBPRSSBNTUrO  THE  EXPERIMENTAL 

RESULTS 

In  order  to  compare  the  results  obtained  with  different  gases 
so  as  to  get  an  insight  into  the  relation  of  the  errors  of  Bunsen's 
method  to  the  physical  properties  of  the  gases,  it  seemed  desirable 
to  represent  the  results  in  such  a  way  as  to  exhibit  the  fractional 
rather  than  tiie  absolute  errors  and  the  f  crowing  plan  was  adopted : 
Let  p  « the  outside  or  barometric  pressure 
Let  p^^p+Ap'^Hie  pressure  witiun  the  gas  t^amber,  or  the 

initial  pressure  as  we  shall  call  it. 
Let    r^pip^\  it  will  be  called  the  pressure  ratio.    At  the  start 
of  a  run,  Ap  has  its  largest  value  and  r  its  smallest,  aend 
€Ui  the  run  proceeds,  A/>  approadies  zero  and  r  indeases 
toward  unity. 
Let    r»tfae  time  in  seconds  required  for  the  volume  of  gas 
wi'diin  the  apparatus  to  decrease  by  i  oc,  when  the 
pressure  ratio  has  a  particular  value  r  and  the  gas 
under  experiment  is  air. 
Let  r'  =  the  corresponding  time  for  the  test  gas  tmder  identical 

eonditions. 
Let    <  -  the  specific  gravity  of  the  test  gas,  referred  to  air. 
Then  the  relatkm  on  which  the  effusion  mediod  of  determining 
specific  gravity  is  based  is  that  I » {t^lrY,  apptxxdmately. 
Let 


(^■/ 


«=*/? 


If  the  effusion  method  gave  correct  results,  We  should  have  /J  -•  i , 
and  in  practice  the  observed  value  of  (/?  —  i)  is  the  fractional  error 
of  a  determination  of  ^edfie  gravity  by  this  method. 

In  the  experiments  with  apparatus  No.  I,  which  had  five  voltune 
intervals,  each  experiment  gave  five  mean  values  of  r'jr  and  there- 
fore of  /?,  each  corresponding  to  a  certain  mean  value  of  r^pip^. 
With  apparatus  No.  II  each  experiment  gave  eight  instead  of  five 
values  of  R.  What  we  have  done  is  to  plot  the  observed  mean 
values  of  R  as  ordinates  against  the  corresponding  mean  values 
of  r  as  abscissas. 

When  the  results  of  any  one  experiment  are  plotted  in  this  way, 
the  points  lie  along  a  more  or  less  smooth  ciu^e,  and  by  plotting 
the  results  of  a  number  of  supposedly  identical  experiments  an 
idea  may  be  formed  of  the  accidental  errors  of  the  observations. 
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If  BoBBen's  mefhod  were  correct  in  principle,  the  points  would 
always  be  grouped  indiscriniinately  about  the  straight  line  R**i, 
and  any  grouping  of  pointd  about  a  different  curve  indicates  the 
presence  of  a  sjrstematic  error  in  the  method  itself,  upon  which 
the  accidental  errors  of  experiment  are  superimposed.  When  all 
the  results  obtained  with  different  gases  but  the  same  orifice  are 
plotted  together  on  cme  diagram,  we  have  a  convenient  means  of 
comparing  the  behavior  of  the  gases. 

If  we  can  then  build  up  a  theory  for  predicting  the  behavior 
of  the  gases  from  a  knowledge  of  their  physical  properties,  and 
compute  values  of  /?  in  terms  of  r ,  we  may  plot  theoretical  oirves 
R'^f{r)  foe  comparison  with  the  observed  values  of  R,  and  thus 
test  the  ability  of  the  theory  to  represent  the  observed  facts. 

By  examining  plates  2  to  7,  the  reader  may  form  aa  estimate 
of  the  accidental  errors  of  the  observations  which  are  represented 
by  the  plotted  points,  all  the  points  of  any  one  series  \mag  de* 
noted  by  the  same  sjrmbol.  The  curves  on  these  plates  are 
drawn  from  the  theory  which  will  be  discussed  in  detail  later  on. 

The  theory  is  based  oh  the  consideration  of  the  steady  flow  of 
fluids,  whereas  in  the  experiments  the  rate  of  flow  was  npt  constant 
but  continually  decreasing.  This  change  of  iate  was  so  slow 
that  there  is  no  doubt  that  at  any  instant  it  was  sensibly  the  same 
as  if  the  conditions  had  already  been  held  conistant  for  a  long  time ; 
but  the  observations  of  the  rates  of  efflux  had  to  be  made  by 
means  of  a  small  number  of  contact  points  and  gave,  of  course, 
only  average  rates  over  considerable  ranges  of  variation  of  the 
pressure  ratio  r.  Each  value  of  t  or  of  r'  was  obtained  by 
dividing  the  observed  time  in  seconds  for  the  interval  in  question 
by  the  volume  of  the  interval  in  cubic  centimeters.  The  corres- 
ponding value  of  r  was  taken  to  be  the  geometric  mean  of  the 
values  at  the  beginning  and  end  of  the  interval;  it  did  not  in  any 
case  differ  more  than  0.2  per  cent  from  the  arithmetic  mean. 

7.  REMARKS  ON  THE  ACCIDENTAL  ERRORS  OF  THE 

EFFUSION  RATES 

Each  experiment  or  "  series  "  consisted  of  several  runs  on  the  test 
gas,  preceded  or  followed  by  several  runs  on  air  under  nearly 
identical  conditions  of  temperature  and  barometric  pressure.  A 
"  run  "  was  made  by  filling  the  gas  chamber  with  dry  gas  under  pres- 
sure until  the  mercury  level  was  somewhat  below  the  lowest 
cpntact  point,  opening  the  orifice  tube,  and  recording  on  tiie 
chronograph  the  times  at  which  the  mercury  surface  reached  the 
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contact  points  as  it  rose  and  swept  the  gas  before  it  through  the 
orifice.  The  number  of  runs  in  each  series  was  usually  from  five 
to  eight  with  each  of  the  two  gases,  'and  the  values  of  r  and  r' 
for  the  series  were  means  of  the  values  for  the  separate  runs. 

It  sometimes  happened  that  separate  runs  which  shotdd  have 
differed  only  by  accidental  errors  in  reading  the  chronograph 
sheets  differed  considerably  more  than  this.  It  seems  ptx>bable 
that  these  irregularities  are  to  be  attributed  mainly  to  dust  or 
txmdensed  mercury  catching  on  the  edges  of  the  orifice;  for  they 
were  most  frequent  in  the  case  of  orifice  No.  23,  which  had  rougher 
edges  than  the  other  orifices  and  so  was  more  adapted  to  catching 
and  retaining  small  particles.  Occasionally  two  series,  each  of  which 
gave  values  of  R^f{r)  lying  along  a  smooth  curve,  would  differ 
considerably  without  there  being,  a  priori,  any  evident  reason  for 
the  difference.  It  seems  likely  that  such  differences  were  due  to 
dust  particles  which  may  in  one  case  have  lodged  in  the  orifice  at 
the  start  and  remained  in  the  same  position  throughout  the  series. 

Another  sort  of  irregularity  sometimes  observed  consisted  in  a 
delay  of  the  time  registered  for  one  of  the  contacts,  and  resulted 
in  too  long  a  time  for  the  preceding  and  too  short  a  time  for  the 
following  interval.  This  may  have  been  due  to  a  slight  sticking 
of  the  rising  mercury  surface  at  the  glass  waU  (the  contact  points 
being  rather  near  tiie  wall  instead  of  in  the  middle  of  the  gas 
chamber)  or  to  irregularities  in  the  action  of  the  chronograph. 

Any  error  in  timing,  whatever  its  source,  would  have  more 
effect  on  the  values  of  R  computed  from  the  time  intervals  if  the 
time  intervals  were  short — that  is,  the  effusion  rapid — ^than  if 
they  were  long.  Accordingly  it  was  to  be  expected  that  the  re- 
sults would  be  much  more  irreg^ar  and  scattering  for  hydrogen 
than  for  the  other  gases  and  this  is  what  actually  happened  as 
may  be  seen  from  the  plates. 

8.  GENERAL  EQUATION  FOR  EFFLUX  OF  ANT  FLUID 

Let  a  fluid  be  flowing  steadily  along  a  chsumel  with  imper- 
meable walls;  the  walls  may  be  material  or  the  chamiel  may  be 
merely  a  stream  tube  within  the  fluid,  its  boimdary  being  an  imag- 
inary surface  across  which  no  fluid  passes  either  in  or  out.  Let 
us  consider  a  portion  of  the  channel  or  tube  extending  from  an 
entrance  section  ^4©  to  an  exit  section  A,  A©  and  A  being  drawn  so 
as  to  be,  at  each  point,  normal  to  the  mean  direction  of  flow  at 
thfit  point.    Let  the  sections  be  at  the  same  level  so  that  no 
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gravitational  wcxrk  is  4one  by  or  on  the  fltiid  in  its  passage  from 
A^  to  A.  I 

Let  pg  and  p  be  the  pressures,  and  $0  and  0  the  absolute  tem- 
peratures in  the  fluid  at  the  two  sections.  Let  v^,  €0,  To  be,  re- 
spectively, the  volume,  internal  energy,  and  kinetic  energy  of 
each  gram  of  the  fluid  as  it  enters  at  A^;  and  let  v,  €,  T  be  the 
corresponding  values  at  ^4 .  Let  Q  be  the  quantity  of  heat  added 
from  outside  the  channel  to  each  gram  during  its  passage  from 
Ao  to  A  ;  Q  includes  only  heat  which  actually  passes  through  the 
boundary  of  the  channel  and  does  not  include  heat  developed 
within  the  fluid  by  viscous  or  other  resistances. 

The  work  per  gram  done  on  the  fluid  as  it  enters  at  A^is  p^v^; 
and  the  work  done  by  it  on  the  fluid  ahead  of  it,  as  it  issues  at  A 
is  pv.  We  therefore  have,  by  the  first  law  of  thermodynamics, 
the  equation 

(r+€)-.(ro+€o)«/>oVo-/^+0  (i) 

We  proceed  to  apply  this  equation  td  thc^  <2a8e  of  a  fluid  escaping 
in  a  jet  through  a  small  orifice  in  tiie  wall  of  a  large  contaifi^er  in 
which  the  fluid  i9  at  rest  except  for  its  slow  general  motion  toward 
the  orifice. 

Let  A  be  the  minimum  section  of  the  jet;  if  the  entrance  to 
the  (Mifiee  is  sufiidently  rounded  off  there  is  no  contraction,  and 
A  is  the  minimum  or  throat  area  of  the  orifice.  The  S3rmbols 
p,  Oy  V,  €,  T  now  refer  to  conditions  in  the  jet.  If  the  jet  speed 
is  less  than  that  of  sound  in  the  fluid,  p  is  equal  to  the  outside 
back  pressure  and  this  was  the  case  in  our  experiments,  the  press- 
sure  ratio  r  being  always  greater  than  the  critical  ratio,  which 
for  air  is  about  0.53. 

Let  Aq  be  described  within  the  container,  normal  to  the  direc- 
tion of  flow  toward  the  orifice  and  far  enough  back  along  the 
stream  that  A^is  very  large  compared  with  A  and  the  motion  at 
Af,  very  slow  compared  with  the  speed  at  the  jet.  The  kinetic 
energy  Tq  will  then  be  negligible  and  p^,  6^  will  be  the  pressure 
and  temperature  of  the  nearly  stationary  fluid  within  the  container. 

By  setting  Tq  —  o  in  (1)  we  now  obtain  the  equation  ' 

T=(€,+/?o^o)-(«+/>^)+e  (2) 

No  restrictions  have  been  imposed  on  tiie  properties  of  the 
fluid  or  the  natture  of  the  motion  so  that  equaticHi:  (2)  id  general. 
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9.  BFELUX  OF  AN  IDBAL  GAS 

Let  the  fluid  be  an  ideal  gas* — ^that  is,  one  for  which  the  equa- 
tions 

pv^m9  Ct  *  const  (3) 

are  satisfied — 0  being  measured  on  the  thermodynamic  scale, 
and  Cy  denoting  the  specific  heat  at  constant  volume.  In 
our  experiments  the  range  of  temperatiu-e  was  less  than  30®  C,  and 
the  pressures  were  between  i  and  i  .4  atmospheres.  And  while  the 
gases  used  are  by  no  means  strictly  ideal,  they  are  so  nearly  ideal 
that  over  this  small  range  of  pressure  and  temperature  equations 
(3)  may  be  applied  to  them  without  sensible  error. 

It  is  easily  shown   by  elementary  thermodynamics  that  for 
the  ideal  gas  defined  by  equations  (3),  the  further  equations 

t^eCy-^Const.  (4) 

Cr  +  w-Cp  (5) 


are  always  satisfied,  Cp  denoting  the  specific  heat  at  constant 
pressiure.  If  we  eliminate  6,  €0,  pv^  and  p^Vo  from  (2)  by  means 
of  (4)  and  (3)  and  then  apply  (5) ,  we  obtain  the  equation 

T=(Oo-fl)Cp  +  e  (6) 

which  is  sensibly  exact  as  applied  to  our  experiments  on  efflux. 
Let  5  be  the  mean  speed  of  the  jet  at  A,  and  let  us  set 

T-'-S^  (7) 

This  amounts  to  assiuning,  first,  that  the  kinetic  energy  of  turbu- 
lence is  negligible  in  comparison  with  that  of  the  axial  motion,  and 
second,  that  the  arithmetical  mean  speed  taken  over  the  section 
A  is  sensibly  identical  with  the  square-root-of -mean-square  speed ; 
that  is,  that  the  speed  is  nearly  tmiform  all  over  the  section. 
Both  these  assumptions  are  known  to  be  legitimate  for  larger 
orifices  and  there  is  no  reason  to  expect  that  they  will  lead  us 
into  any  difficulties.  We  therefore  adopt  them  and  so,  by  means 
of  (7) ,  reduce  equation  (6)  to  the  form 

i5«-(tfo-fl)Cp+e  (8) 

Subject  to  the  assumption  of  equation  (7),  equation  (8)  is 
entirely  general  as  applied  to  the  efflux  of  an  ideal  gas.    Any  sort 

•  See  Bull.,  Bur.  Staodardi,  6,  No.  3.  P-  409. 1910;  Scientific  Paper  No.  136. 
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of  passive  re^stance  will,  of  cotirse,  decrease  the  jet  speed  5;  but 
the  dissipation  of  energy  by  the  resistance  heats  the  fluid  and 
raises  its  final  temperature  0,  so  that  (0o  -  9)  is  also  decreased  and 
equation  (8)  remains  satisfied. 

It  frequently  happens  that  the  transmission  of  heat  from  the 
orifice  to  the  jet  of  gas  is  so  small  as  not  to  produce  any  sensible 
effect  on  the  phenomena.  The  efflux  is  then  sensibly  adiabatic, 
and  by  setting  j2  »  o  we  have,  for  adiabatic  efflux  of  an  ideal  gas, 

•        5S»-(flo-fl)Cp  (9) 

If  we  were  dealing  with  such  ranges  of  pressure  and  temperature 
as  occur  at  the  valve  of  an  air  liquefier,  it  would  not  be  legiti- 
mate to  treat  the  gases  used  in  otu-  investigation  as  ideal ;  in  fact, 
the  possibility  of  liquefying  gases  by  the  Hampson-Linde  method 
is  due  to  their  not  being  ideal.'  But  for  our  present  purposes  it  is 
safe  to  treat  the  gases  as  ideal,  and  for  simplicity  we  may  as  well 
drop  the  adjective  ideal  and, for  the  futiure,  speak  merely  of  "  gases." 

10.  ISENTROPIC  EFFLUX  OF  A  GAS 

As  a  first  attempt  to  formulate  a  theory,  let  us  suppose  that  the 
efflux  is  adiabatic  and  that  there  are  no  passive  resistances  and 
therefore  no  development  of  heat  within  the  fluid;  that  is,  no 
dissipation.  Then  the  gas  expands  isentropically  from  its  initial 
pressure  Po  to  the  back  pressiu-e  p,  which  exists  at  the  minimum 
section  of  the  jet  so  long  as  the  jet  speed  is  less  than  the  speed 
of  the  sotmd  in  the  gas  at  />,  6.  Hence,  we  may  use  the  familiar 
equations  for  isentropic  expansion  of  an  ideal  gas,  namely: 

pi^^  const  (10) 

0  1^-^  :=  corist  (11) 

e^constxp^  (12) 

If,  for  convenience,  we  introduce  the  abbreviations 


we  have  by  (12) 


^  ^rand—r-^a  (13) 


rr^  (14) 


*  See  Bun.,  Bur.  Standards,  i.  No.  x,  p.  las,  2909;  Scientific  Pftpcr  No.  i«s* 
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and  equation  (9)  for  adiabatic  efflux  of  a  gas  may  be  written 

J5»«»oC,»(i-f-)  (15) 

From  equation  (5)  together  with  the  definitions  of  k  and  a,  we 
have  the  relation 

Cp  =  f  (16) 

Substituting  in  (15)  and  setting  w  fl©  */>©  Vo  y^^  now  have 

-S'^^PoVo-^  (17) 

which  is  one  form  of  the  familiar  equation  of  St.  Venant.  Since 
we  are  interested  in  the  density  p  rather  than  its  reciprocal,  the 
specific  volume  v,  we  substitute  Vo^i/po  and  write  equation  (17) 
in  the  form 

2  po      a  ^     ^ 

This  is  not  yet  in  shape  for  immediate  use,  because  in  the  experi- 
ments on  efflux  the  quantity  measured  is  not  the  speed  of  the  jet 
but  the  time  required  for  a  certain  volume  of  gas  at  po,  ^o  to  dis- 
appear from  the  container.     We  have,  therefore,  to  eliminate  S. 

Let  r  be  the  observed  time  rate  of  disappearance  of  the  gas,  in 
seconds  per  cubic  centimeter,  and  let  Vo  =  i/t,  so  that  Vo  is  the 
volume,  measured  in  cubic  centimeters  at  po,  9^,  of  the  mass  of 
gas  which  escapes  from  the  orifice  per  second.  Let  V  be  the 
volume  of  this  same  mass  of  gas  measured  at  />,  Vy  the  conditions 
which  prevail  in  the  jet  at  A.  Then  since  the  expansion  is  isen- 
tropic  we  have,  by  equations  (10)  and  (13) 

v-^  (19) 

But  we  have  also,  obviously,  the  equation 

V^AS  (20) 

and  therefore  by  (19) 
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If  we  stdMitute  this  value  of  S  in  equation  (r8),  replace  Vo  by 
i/r,  and  solve  for  Po/r*,  the  result  is 

^:-2A»i>o^(i-f-)  (22) 

a  relation  which  would  subsist  between  the  observed  value  of  r 
and  the  other  quantities  involved,  if  the  efflux  were  isentrc^ic. 

11.  APPLICATION  TO  THB  COMPARISON   OF  DIFFERENT 

GASES 

Having  made  a  run  with  the  standard  gas  and  determined  r 
under  the  given  conditions,  po,  9q,  r,  let  us  repeat  the  experiment 
tmder  the  same  conditions  with  a  second  gas  and  determine  its 
time  r\  The  specific  gravity  of  the  second  or  test  gas  as  indicated 
by  the  results  of  the  efflux  method  is  (r'/ry,  while  if  Po  and  Ao'  are 
the  densities  of  the  gases  at  po,  Oo,  the  true  value  of  the  specific 
gravity  of  the  test  gas  in  terms  of  the  standard  is  S  »/»«7Po* 


Let 


(^^y/i^R  (23) 


When  Btmse&'s  method  gives  a  correct  value,  /?  ■•  i ;  and  (R  - 1)  is 
the  fractional -error  in  the  specific  gravity  of  the  test  gas  as  deter* 
mined  by  this  method.  The  value  of  R  which  would  result  from 
the  observations  if  the  efflux  were  isentropk  for  both  gases  shall 
be  denoted  by  Ri. 

Let  equation  (22)  refer  to  isentropic  efflux  of  the  standard  gas 
and  let  the  corresponding  equation  for  the  test  gas  be 

^:-2>l'»/>o^(l-.f')        ^  (24) 

The  area  A '  is  that  of  the  minimum  section  of  the  jet  of  the  test 
gas;  and  if  the  orifice  is  sharp  edged  so  that  a  vena  contracta  is 
formed.  A*  may  differ  from  A,  even  though  the  orifice  be  im- 
changed.  For  the  present,  however,  we  shall  suppose  the  orifice 
to  have  a  rounded  entrance  so  as  not  to  give  rise  to  contraction, 
and  we  shall  set  A^^A 

If  we  divide  equation  (22)  member  for  member  by  (24),  set 
i4'-*A,  utiliae  (23),  and  replace  R  by  Ru  we  have 

ie^«i:^(a'-«)i^  (25) 


590  Scientific  Papers  of  the  Bureau  of  Standards  Woi.  is 

For  two  gases,  for  example,  air  and  hydrogen,  which  have  the 
same  specific  heat  ratio,  a^ » a  and  R\^i  for  all  values  of  the 
pressm:^  ratio  r.  For  two  such  gases  Bunsen's  method  would 
give  a  correct  value  of  the  relative  density  if  the  efflux  were 
isentropic.  But  if  aVa,  Rx  will  differ  from  unity  cmd  Bunsen's 
xnethod  would  not  give  a  correct  value  of  the  relative  density, 
even  under  ideal  isentropic  conditions. 

In  plate  i  curves  of  /?|— /(r)  are  plotted  from  equation  (25) 
using  the  known  values  of  a  and  a'  for  the  gases  investigated, 
a  referring  to  air,  which  was  treated  as  the  standard.  The 
separate  points  plotted  are  values  of  /?  =■  (r'/r)*  h- 8  computed 
from  values  of  r  and  r'  actually  obtained  in  experiments  on 
orifice  No.  23A,  series  2,  5,  9,  and  21. 

Upon  comparing  the  observed  values  of  R  with  the  computed 
curves  of  Ri  it  appears  that  there  are  large  systematic  differences 
which  increase  as  r  approaches  unity,  that  is,  as  the  pressure 
difference  and  the  jet  speed  approach  zero.  The  departure  of 
the  observed  values  of  R  from  the  computed  values  of  Rx  is  of 
the  same  general  nature  for  all  f otir  gases  though  it  is  positive 
for  hydrogen  and  argon,  and  negative  for  methane  and  carbon 
dioxide.  It  is  evident  th^t  equation  (25)  does  not  represent 
the  facts  accurately  and  that  the  efflux  is  not  isentropic,  hence 
we  must  reexamine  the  assumptions  that  have  been  made,  the 
principal  ones  being  that  there  are  no  viscous  resistances  to 
flow  and  that  there  is  no  heat  leakage  to  the  escaping  gas 

Since  the  orifices  are  of  more  or  less  irregular  shapes,  which 
moreover  are  not  accurately  known,  it  would  be  quite  useless  to 
attempt  to  attack  the  problem  of  computing  the  resistance  by  the 
ordinary  methods  of  hydrodynamics,  even  if  we  were  sure  that  the 
motion  were  strictly  in  stream  Unes  and  quite  free  from  turbulence. 
Similarly  with  the  question  of  heat  transmission  from  the  walls  of 
the  orifice  to  the  gas — to  treat  this  in  detail  by  reference  to  the 
temperature  gradients  would  require  a  complete  knowledge  of  the 
motion  of  the  gas,  so  that  such  a  treatment  is  out  of  the  question. 
Accordingly  we  are  forced  to  do  the  best  we  can  with  very 
elementary  physical  reasoning,  and  our  aim  will  be  merely  to 
develop  equations  containing  empirical  orifice  constants,  one  for 
the  viscous  resistances  and  one  for  the  effect  of  heat  leakage, 
which  shall  be  correct  or  at  least  satisfactory  in  their  fonns,  so 
that  when  the  values  of  the  two  orifices  constants  are  suitably 
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chosen,  the  theoretical  equations  may  represent  the  observed 
facts  within  the  limits  of  experimental  error. 

Hitherto  we  have  assumed  that  the  only  resistance  that 
limited  the  speed  of  efflux  of  the  gas  was  the  kinetic  or  inertia 
resistance,  due  to  its  density  and  proportional  to  the  square  of  the 
linear  speed.  On  the  other  hand,  viscous  resistances,  if  present, 
would  be  proportional  to  the  first  power  of  the  speed,  and  the  dis- 
turbing effect  of  such  resistances  should  therefore  become  more 
pronounced  as  the  linear  speed  diminished;  that  is,  as  the  pressure 
ratio  r  approached  unity.  This  is  just  the  characto:  of  the 
departures  of  the  observed  values  of  R  from  the  c(»nputed  values 
of  Ri,  hence  it  seems  advisable  to  proceed  next  to  a  consideration 
of  the  probable  effect  of  viscosity,  and  attempt  to  make  an  addition 
to  otu-  theory  which  shall  allow  for  it  while  still  assuming  that  the 
flow  is  adiabatic. 

12.  ADIABATIC  EFFLUX  OF  A  VISCOUS  GAS 

In  consequence  of  the  passive  resistance  due  to  viscosity,  heat 
is  developed  within  the  gas  during  its  passage  from  Ao  to  A  or^ 
as  we  say,  there  is  a  certain  amount  of  ''dissipation."  We  shall 
denote  this  quantity  of  heat  or  amount  of  dissipation,  per  gram 
of  gas,  by  the  letter  D. 

The  major  part  of  the  dissipation  will  evidently  occur  close 
to  or  in  the  orifice  where  the  gas  has  almost  attained  its  lowest 
pressure,  both  because  the  gas  has  there  nearly  reached  its  greatest 
speed  and  because  the  reduction  in  cross  section  of  the  stream 
increases  the  transverse  velocity  gradients  and  the  rate  of  shear. 
The  final  net  result  of  the  dissipation  must,  therefore,  be  nearly 
*  the  same  as  if  the  gas  first  expanded  isentropically  to  the  back 
pressure  p  and  the  dissipation  then  all  occtured  at  the  constant 
pressure  p,  reducing  the  speed  from  the  value  attained  in  isentropic 
expansion  and  given  by  equation  (18),  and  simultaneously  raising 
the  temperature  from  its  lowest  value  by  an  amount  D/Cp.  Since 
we  can  do  no  better,  we  shall  adopt  this  simplified  view  of  the 
matter,  which  is  certainly  a  fair  approximation,  and  proceed  as 
if  the  dissipation  really  did  occiu-  in  this  way. 

The  temperature  after  isentropic  expansion  being  0^^,  by 
equation  (14),  the  final  temperature  at  A  is  now 

$"6^+^  (26) 
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Substituting  this  value  in  equation  (9),  which  is  satisfied  for 
adiabatic  efflux  regardless  of  dissipation,  we  have 

fs»-<?oCp(i-r-)-D  <27) 

or  after  eliminating  OoCp    as  before 

Is^^Lol^Jl^D  (aa) 

We  must  next  express  D  in  terms  of  the  other  quaatit^s,  and  to 
do  this  we  first  assume  that  for  an  orifice  of  given  shape  the  value 
of  D  depends  on  and  is  determined  by  the  diameter  of  the  orifice 
a,  the  jet  speed  5,  the  viscosity  of  the  gas  m>  smd  its  initial  density 
Po.  The  subsistence  of  such  a  relation  may  be  symbolized  by 
writing 

D=/(a,  5,  M,  Po)  (29) 

and  dimensional  conditions  require  ^  that  any  relation  involving 
these  five  quantities  and  no  others  have  the  form 


<^  (30) 


If I;uLr•^ tt  i 


in  which  ^— — )  is  an  tmknown  function  of  the  single 

less  quantity  {apoSIti)  and  remains  to  be  fotmd  by  other  than 
dimensional  considerations. 

The  flow  toward  and  into  the  orifice  is  convergent,  and  we  know 
from  observation  that  convergence  tends  to  suppress  ttu-bulence 
and  maintain  -stream  line  flow.  We  shall  therefore  assume,  as  a 
sufficient  approximation  to  the  true  state  of  affairs,  that  there  is  no  • 
ttu-bulence  whatever.  But  in  purely  stream  line  motion  the  re- 
sistances and  the  dissipation  are,  other  things  being  equal,  directly 
proportional  to  the  viscosity  of  the  fluid;  hence  it  follows  from 

our  assumption  that  ^^^~)  ^^^^st  be  directly  proportional  to  m, 
and  that  equation  (30)  must  have  the  form 

D=B^  (31) 

in  which  i?  is  a  dimensionless  constant  shape  factor  determined  by 
the  shape  of  the  orifice  and  of  the  SLpproach  to  it.     By  substitut- 

« See  Trans.  Am.  Soc.  Medi.  B&cineers.  S7,  p.  163, 1915:  or  Phys.  Rct.„  4  p.  345,  Oct.  1914. 
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ing  this  expression  fac  D  m  equation  (28)  we  obtain  the  equation 

Is^.toUzH^Bf^  (3,) 

2        Po     a  apo 

which  serves  as  the  starting  point  of  our  tentative  theory  of  the 
effusion  method  of  determining  the  relative  densities  of  gases 
which  are  not  free  from  viscosity. 

To  eliminate  the  jet  speed  5  and  replace  it  by  the  observed 
quantity  r  or  its  reciprocal  Vo,  we  proceed  as  follows.  If  V  is  the 
volume,  measured  at  />,  0,  of  the  gas  which  escapes  per  second;  and 
Vo  its  volume  at  pp,  tfp,  we  have  by  (3) 

(33) 


V 

Vo'' 

po9      I  9 
p  »o~r  00 

whence  by  (26) 

^           ^1— a 

(34) 

We  next  eliminate  9oCp  by  means  of  (16)  and  (3),  replace  D  by 
its  value  from  (31),  and  combine  with  the  equation  V  ^AS  which 
subsists  as  before.    The  result  is 


s-  " 


Ar'" 


.H-f 

ar 


^         <^'> 


an  equation  which  may  be  used  with  (32)  for  eliminating  5. 

For  convenience  in  the  algebraic  work  we  introduce  the  abbrevi- 
ation 

£-^  (36) 

Since  the  orifices  were  so  small  that  neither  A  nor  a  could  be 
determined  at  all  accmately,  and  since  ftuthermore  the  value  of 
B  is  entirely  unknown,  C  is  a  purely  empirical  orifice  constant. 
We  shall  also  use  the  further  abbreviation 

B  afiVo     Com     --  .     . 

Aa  rpo  ^  pr  ^^  ^^^^ 

For  a  given  orifice  and  a  given  back  pressure,  CIp  is  constant.  In 
all  otu-  experiments  p  was  nearly  constant,  being  simply  the 
barometric  pressure  of  the  outside  atmosphere.  For  a  given  gas 
and  a  given  temperature,  a^i  is  also  constant  so  that  X  depends 
sensibly  only  on  r,  which  varies  with  the  pressure  ratio  r. 
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Upon  eliminating  5  between  (32)  and  (35)  we  now  have  the 
equation 

'      2Por-X        Po(i^) 
^apo(i-X)"%o    «  (38) 


I 


whence 


Ar*^T(i-X)J 

.3— 2a 


J?-2A»/..^[(i-^)-(2-r«)X+X»]  (39) 


By  comparing  (39)  with  (22)  which  was  deduced  for  isentropic 
efflux  we  see  that  the  result  of  otu-  considerations  on  the  eflFects  of 
viscosity  has  been  to  modify  the  isentropic  equation  by  the  addi- 
tion of  two  correction  terms  which  involve  the  viscosity  of  the 
gas.  It  is  to  be  presumed  that  these  terms  are  small  enough  that 
the  second,  containing  X^,  will  be  negligible.  Trial  computations 
with  values  of  C  f otmd  from  the  experiments  confirm  this  inference 
and  show  that  for  our  purposes  the  X*  term  may  be  ignored  and 
equation  (39)  used  in  the  simpler  form 

g  »  2A'/>o^[(i-r-)  -  (2^)X]  (40) 

13.  EQUATIONS   FOR   THE  COMPARISON  OF   VISCOUS 

GASES 

Let  the  value  of  R  which  would  be  obtained  from  the  observa- 
tions, if  the  efflux  of  each  of  two  gases  were  adiabatic  but  affected 
by  their  viscosities  in  the  manner  asstamed  in  the  forgoing  section, 
be  denoted  by  i?^.  Let  equation  (40)  refer  to  the  standard  gas, 
and  a  similar  equation  with  the  appropriate  letters  primed  refer 
to  the  test  gas.  Then  upon  comparing  the  two  equations  and 
assuming  as  before  that  A'  ^A,  we  have 


(i-^')-(2-r-')X' 

and  we  now  wish  to  find  out  whether  this  equation  can  be  made 
to  fit  the  observed  facts  by  a  suitable  choice  of  the  orifice  constant 
C  The  graphical  comparison  of  theory  with  observation  is  the 
most  enlightening  and  in  order  to  use  equation  (41)  for  computing 
and  drawing  a  curve  /?^=/(r)  we  must  first  undertake  some 
further  transformations. 

By  equation  (37)  which  defines  X  and  X',  we  have 

X'=X-^^  (42) 


f 
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and  by  the  definition  of  i?  in  equation  (23)  we  have  for  the  present 
case  of  adiabatic  efflux  under  the  influence  of  viscosity 


so  that  by  (42) 


(43) 


Let 


^'-^^Ws•  -k         <«> 


^^i^l'f-p  (45) 


The  qtiantity  P  is  a  dimensionless  constant  which  expresses  the 
value  of  a  certain  property  of  the  test  gas  in  terms  of  the  corre- 
sponding property  of  the  standard.  Its  value  is  known  because 
the  values  of  a'/a,  /xVm  s^nd  p'o/Po  have  been  measured  for  all  the 
gases  used,  except  that  a'  for  hydrogen  was  assumed  to  be  equal 
to  a  for  air  and  was  not  measured.  The  value  of  mVm  was,  to  be 
stu-e,  measured  only  for  a  single  temperatme;  but  since  the 
viscosity  of  gases  does  not  vary  rapidly  with  temperature  nor  very 
differently  for  different  gases,  and  since  the  whole  temperature 
range  in  our  work  was  small,  a  single  constant  value  of  m7m  i^ay 
be  used  for  each  gas.  The  values  used  for  P  have  been  given  in 
Table  6. 

By  equations  (44)  and  (45)  we  now  have 

X'-^X  (46) 

whence  by  substitution  in  (41)  we  have 


(i  -r")R^-{2 -r'')PX^ - -r» <«'-«) [(i  -t-)  - (2 -f-)X]  (47) 


If  we  solve  this  for  R^,  the  result  may  be  written  in  the  form 

R^'-L  +  2G^i+  Vi  +L/G»]  (48) 


where  t-^-V-'-^)  ^^ -^>-%-^)^ 

a  I  — r^ 

-,      2-f«'PX 


X 


Can    I 


(49) 
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Trial  computatioas  showed  that  the  positive  value  of  the  radical 
in  (48)  was  the  proper  one  to  use,  so  the  negative  sign  ia  omitted. 

14.  METHOD  OF  COMPARING  THE  FOREGOING  THEORY 

WITH  THE  OBSERVATIONS 

The  value  of  R^  computed  for  any  value  of  r  from  equations 
(48)  and  (49)  depends  upon:  (a)  The  values  of  a,  a',  /»7/*>  and 
p'o/Po  which  were  determined  experimentally;  (b)  the  value 
selected  for  the  orifice  constant  C;  and  (c)  the  value  of  r  observed 
for  air  at  the  given  r. 

The  most  obvious  procedure  for  testing  the  agreement  of 
the  theory  with  the  observations  is  as  follows:  For  each  of 
the  volume  intervals  of  the  apparatus  we  may  find  the  mean 
pressure  ratio  from  the  barometric  pressure  />,  and  the  pressiu-e 
differences  (po-p)  at  the  beginning  and  end  of  the  interval, 
which  have  been  measured  once  for  all.  We  may  next  find 
the  value  of  r  corresponding  to  each  of  these  values  of  r  by 
dividing  the  air  time  for  the  interval  by  the  known  volume  of 
the  interval.  We  may  then  assume  a  value  of  C  and  compute 
from  (48)  the  value  of  /?„  which  corresponds  to  each  of  the 
values  of  r.  These  computed  values  of  R^  may  then  be  com- 
pared with  the  observed  values  of  R,  the  clearest  way  of  doing 
this  being  to  draw  a  curve  i?^  — /(f)  from  the  computed  values 
and  plot  the  observed  values  oi  R  os  separate  points.  A  similar 
process  may  be  carried  out  for  each  of  the  other  experiments  on 
the  orifice  in  question,  with  the  same  value  of  the  orifice  constant 
C.  Finally,  the  whole  may  be  repeated  with  various  values  of 
C  until  no  further  improvement  can  be  obtained  in  the  agreement 

between  theory  and  observation. 

Upon  consideration  of  the  cumbersome  nature  of  the  equations 
it  is  quite  evident  that  the  foregoing  method  would,  in  practice, 
be  intolerably  laborious  and  that  a  simpler  one  must  be  used. 
The  procedure  was  therefore  modified,  the  idea  bdng,  first, 
to  work  only  at  a  few  fixed  values  of  r  for  which  values  of  the 
various  functions  such  as  (i— f*)  could  be  tabulated  once  for 
all;  and  second,  to  treat  all  the  experiments  on  a  single  gas 
together  and  draw  a  single  average  curve  R^^f{r)  for  that  gas 
instead  of  a  separate  ctu^e  for  each  experiment. 

The  separate  experiments  differed,  first,  in  that  the  initial 
temperature  0^  varied  somewhat  so  that  the  air  times  r  for  any 
one  interval  could  not  be  expected  to  be  quite  the  same  even 
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if  r  were  the  same;  and  seooiid,  in  that  the  barcmietric  back 
pressure  also  varied  from  one  expertfaent  to  another  witli  con- 
sequent small  variations  of  r .  Thus,  for  each  of  the  volume 
intervals  of  the  apparatus,  the  experiments  on  any  one  orifice 
gave  a  number  of  slightly  differing  values  of  r  corresponding  to 
slightly  differing  values  of  h  and  of  r.  The  first  step  was  to 
average  these  values  and  it  was  done  as  follows. 

Considering  one  interval  only,  the  values  of  Vo  — i/r  were 
found  for  all  the  runs  with  air  made  through  the  orifice  In  ques- 
tion. Prom  each  of  these  the  value  of  V'o'(295/9o)  was  com- 
puted; this  amounts  to  reducing  the  value  erf  Vo^  observed  at 
0o  to  what  would  have  been  observed  at  22^  C  on  the  assiunption 
that  the  mte  of  efflux  of  air  is  proporticmal  to  the  square  root  of 
the  absolute  temperature.  The  initial  temperatures  all  f^ 
between  19^  and  28^  with  a  mean  of  about  22^,  and  the  teducticai 
just  mentioned  was  a  short  one.    The  reduction  by  setting 

Vo^V^  was  adopted  because  equation  (22),  which  is  a  first 
apiMToximation  to  the  truth  gives  Vo'^'oi  and  equation  (39) 
would  not  give  a  very  different  relation  since  it  differs  from  (22) 
only  by  correction  tains. 

These  values  of  VoK'^gs/Oo)  *  were  averaged  and  the  corre- 
qxmding  values  of  r  also  avenged.  The  mean  values  of 
Vif{2gs/0t^)  were  plotted  against  the  mean  values  ol  r  and  a 
ctu^e  drawn  through  the  points;  this  curve  was  used  for  inter- 
polation and  was  of  a  satisfactory  shape  for  the  piupose.  Read- 
ings were  now  made  at  the  round  values  of  r  which  it  had  been 
decided  to  use  in  the  computations,  namely  r—0.75,  o*79>  O'^^* 
0.86,  0.90,  0.93,  0.96,  0.986.  These  were  selected  because  while 
fairly  evenly  spaced  they  were  not  far  from  the  means,  so  that 
in  interpolating  by  means  of  the  curve  no  great  error  could  be 
introduced  by  the  arbitrary  shaping  of  the  curve  between  the 
plotted  points.  The  square  root  of  the  reciprocal  of  each  inter- 
polated value  of  Vo'(295/0o)  was  now  extracted  and  used  in  the 
computation  of  R^  as  if  it  were  a  value  of  the  air  time  r  actually 
observed  at  the  standard  pressure  ratio  r. 

It  remained  to  select  a  mean  value  of  C  »  Cafi/p,  a  and  m  being 
constant,  and  p  nearly  so.  This  value,  together  with  the  values 
oi  T  obtained  as  described  above,  and  the  known  values  of  a, 
a'  etc.,  was  used  to  compute  values  of  /?^  by  means  of  equation 
(48).  On  the  supposition  that  our  theory  is  correct  and  that  C 
has  been  properly  chosen,  these  computed  values  of   R^  are 
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equal,  as  nearly  as  we  can  tell,  to  the  values  of  R  which  would 
have  been  found  from  observations  at  r»o.75,  ^-79  ^tc.,  if:  (a) 
the  efflux  had  been  strictly  adiabatic ;  (b)  the  initial  temperature 
had  always  been  22^  C;  and  (c)  the  barometric  pressure  had  been 
the  same  during  all  the  runs. 

A  curve  R„^f{r)  was  drawn  through  these  computed  points 
and  the  observed  points  were  plotted  separately.  The  effect  of 
correcting  the  positions  of  the  observed  points  to  reduce  them  to 
22^  and  a  common  mean  value  of  p  would  have  been  small  com- 
pared with  the  experimental  imcertainties  of  their  positions  and 
no  such  reduction  was  imdertaken.  The  graphical  comparison  is 
therefore  finally  between  a  curve  computed  for  22^  and  constant 
p,  and  observations  made  under  various  conditions  differing  a 
little  from  these  but  not  more  than  would  be  covered  by  the 
observational  errors. 

15.  RESULTS  OF  THE  COMPARISON 

The  method  of  making  the  computations  with  a  particular 
value  of  C  having  now  been  described,  the  question  remains 
whether,  by  repeating  the  computations  and  adjusting  the  value  of 
C  by  trial,  a  satisfactory  agreement  with  the  observed  facts  can 
be  achieved.  If  it  can,  our  theory  may  be  regarded  as  satis- 
factory, for  in  any  event  the  constant  C  is  purely  empirical  and 
can  be  foimd  only  by  fitting  the  equations  to  the  observations. 

This  question  has  to  be  answered  in  the  negative:  after  all 
the  laborious  computations  it  was  found  that  no  possible  value 
of  C  would  make  equation  (48)  fit  the  observations  within  their 
experimental  uncertainties,  and  the  theory  as  so  far  developed 
could  not  be  regarded  as  satisfactory.  But  on  the  other  hand, 
it  was  found  that  while  the  theory  was  not  entirely  satisfactory, 
it  was  not  very  bad.  For  a  suitably  chosen  value  of  C  would 
give  computed  curves  which  were  fairly  near  to  the  observed 
points,  so  that  the  differences  {Roh%—R^  were  numerically  very 
much  smaller  than  the  differences  {Roh»—  i).  In  other  words,  our 
allowance  or  correction  for  the  effects  of  viscosity  did  account  for 
the  major  part  of  the  observed  errors  of  the  effusion  method;  and 
moreover,  the  residual  errors  which  could  not  be  accounted  for 
in  this  way  appeared  to  have  a  regular  systematic  run  which  was 
of  the  same  nature  for  all  the  gases.  It  therefore  seemed  prob- 
able that  the  theory  was  correct  in  its  main  outlines  and  in  at- 
tributing to  viscosity  an  important  part  in  causing  the  errors  of 
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Bunsen's  method,  but  that  either  the  treatment  of  viscosity  re- 
quired to  be  somewhat  modified  or  some  further  disturbing  cause 
remained  to  be  allowed  for. 

Several  modifications  of  the  above-described  theory  of  the  effect 
of  viscosity  were  developed  by  modifying  the  assumptions,  and 
trial  computations  were  undertaken  with  the  resulting  equations. 
None  of  these  slightly  different  forms  of  the  theory  seemed  any 
better  founded  in  physical  common  sense  than  the  original  one 
already  described;  none  of  them  gave  any  better  agreement  with 
observations;  and  none  of  them  was  so  easy  to  use.  We  therefore 
abandoned  further  attempts  in  this  direction  and  proceeded  to 
search  for  an  additional  correction,  due  to  some  other  cause  than 
viscosity,  which  if  added  to  the  correction  already  made  should 
lead  to  a  better  agreement  between  the  theory  and  the  observed 
facts. 

The  most  obvious  possibility  is  that  in  addition  to  the  retarda- 
tion of  eflSux  by  viscosity,  heat  transmission  from  the  orifice  to 
the  jet  may  also  have  a  sensible  effect  on  the  rate  of  efflux,  the 
phenomenon  being  appreciably  different  from  an  adiabatic  ex- 
pansion; so  we  turned  our  attention  to  this  subject.  Since  it 
seemed  quite  hopeless  to  attempt  to  treat  viscosity  and  heat 
transmission  simultaneously  and  with  due  allowance  for  their 
interaction,  a  more  rudimentary  plan  was  followed.  In  view  of 
the  fact  that  the  effects  of  both  viscosity  and  the  second  dis- 
turbing cause,  now  assumed  to  be  heat  transmission,  are  of  the 
natm"e  of  corrections — ^that  is,  relatively  small,  at  least  tmtil  r  ap- 
proaches unity — it  was  asstuned  that  they  might  properly  be  treated 
separately  as  if  each  acted  alone;  and  we  therefore  proceeded  to 
develop  a  theory  of  the  efflux  of  a  nonviscous  but  thermally 
conducting  gas,  and  to  deduce  an  expression  for  the  effect  of  heat 
transmission  on  the  vahie.of  R. 

This  expression,  like  the  one  for  i?^,  contains  an  empirical  orifice 
constant.  After  obtaining  the  expression,  we  make  up  a  combined 
equation  which  pmports  to  take  account  of  the  effects  of  both 
viscosity  and  heat  transmission  and  contains  therefore  two 
empirical  orifice  constants.  The  theory  must  then  be  tested 
by  adjusting  the  constants;  if  a  pair  of  values  can  be  foimd  such 
that  the  computed  values  of  R  are  in  satisfactory  agreement  with 
the  observed,  the  theory  in  this  final  sh^pe  may  be  regarded  as 
satisfactory  and  as  probably  correct  in  its  main  outlines  if  not 
in  all  details. 
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We  may  fiorw  go  oa  to  oonsid^r  ^usiaa  which  is  i^ected  by 
heat  tvansmissieii  but  18  oot  retarded  to  any  sensible  extent  by 
viscous  resistances. 

16.  EFFLUX   WITH   ADDITION    OF   HBAT    BUT   WITHOUT 

DISSIPATIOH 

Since  the  rate  of  heat  flow  into  the  gas  from  the  metal  increases 
with  the  difference  of  temperature  and  with  the  intimacy  of  con- 
tact,  it  is  evident  that  most  of  the  heat  transmission  will  occur 
in  the  orifice,  after  the  gas  has  almost  attained  its  lowest  pressure. 
We  shall  therefore,  assume  as  an  approximation,  that  the  effect 
of  heat  transmission  on  efflux  is  the  same  as  if  the  gas  expanded 
isentropically  to  the  back  pressure  p  and  a  quantity  of  heat  Q 
per  gram  were  then  added  to  it  at  the  constant  pressiu^  p,  raising 
its  temperature  from  the  lowest  point  by  the  amount  Q/C^.  This 
assumption  is  similar  to  one  made  in  section  lo  and  it  is  tm- 
questionably  a  fairly  approximate  representation  of  what  actually 
occurs. 

If  $  denotes  the  final  temperature  of  the  gas  and  Si^r^o 
its  temperature  after  isentropic  expansion,  we  have  by  the  fore- 
going assumption. 

0^r^^  +  ^  (50) 

Substituting  this  value  of  0  in  equation  (8)  and  reducing,  we  have 

jS'-tfoCpd-f-)  (51) 

Q  having  disappeared.  But  (51)  is  identical  with  (15)  which 
applies  to  isentropic  efflux;  whence  it  follows  that  addition  of 
heat  in  the  manner  postulated  above  has  no  effect  at  all  on  the 
linear  exit  speed  of  the  jet. 

But  though  the  speed  of  the  gas  at  the  section  A  is  not  affected, 
the  temperature  is  raised,  and  the  specific  vohmie  is  increased 
in  the  same  ratio,  viz. 


01  f^oC 


p 


The  time  required  for  a  given  mass  to  escape  will  be  increased 
in  this  ratio;  hence  if  tx  is  the  time  observed  under  the  present 
conditions,  and  ti  the  time  that  would  be  observed  if  the  efflux 
were  isentropic,  we  have 

« 
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We  have  next  to  find  an  exi»^ssIoa  for  Q,  and  we  again  have 
recourse  to  the  principle  of  dimensional  homogeneity  in  the  con- 
venient  form  of  the  H  theorem.*  We  assume  that  tor  an  orifice 
of  given  shape,  Q  is  determined  by  the  diameter  of  the  orifice, 
the  speed  of  the  jet,  the  difference  of  temperature  between  the 
jet  and  the  orifice,  and  the  properties  of  the  gas.  The  most 
obviously  important  of  these  properties  are  the  density  p,  specific 
heat  Cp,  and  thermal  conductivity  X.  But  we  shall  also,  at  the 
start,  include  the  viscosity  a*  as  possibly  affecting  Q  through  its 
influence  on  the  nature  of  the  flow,  although  it  seems  likely  that 
/i  will  be^of  small  importance,  and  we  have  already  agreed  to  dis- 
regard dissipation.  If  we  let  A  represent  the  temperature  differ- 
ence.  our  assumption  regarding  Q  is  now  symbolized  by  the 
equation 

Q-^i  [a,  S,  A,  p,  Cp,  X,  m)  (53) 

All  the  quantities  except  Q  and  a  are  to  be  regarded  as  mean 
values  averaged  over  the  time  during  which  Q  is  being  trans- 
mitted to  the  gas,  but  as  an  approximation  we  shall  iudentify 
them  with  their  values  at  the  end  of  the  isentropic  expansion. 
By  applying  the  11  theorem,  equation  (53)  may  be  thrown  into 
the  form 


Q 


-^A^-  *f^  ^}         («) 


and  the  next  question  is  whether  we  have  any  information  that 
will  help  us  to  make  a  rational  guess  at  the  form  of  the  operator  <p. 
The  greatest  temperature  drop  in  any  of  our  experiments 
was  less  than  26^  C;  hence  it  seems  safe  to  asstune  that  Q  was 
sensibly  proportional  to  A.  This  assumption  gives  us  a  first 
simplification  of  (54)  to  the  form 


Q-^Cp<p, 


•^  ^}        <==) 


For  the  gases  used  in  our  work  the  relative  values  of  /iCp/X 
are   approximately   as  follows: 

Air  H,  CH,  CO,  Ar 

MCpA==(i-oo)  0.93  1.28  1. 10  i.oi 

In  view  of  the  great  uncertainty  in  the  values  of  Cp  and  X,  even 
for  pure  gases,  and  of  the  fact  that  we  were  obliged  to  rely  upon 

*  See  Tnns.  Am.  Soc.  Xech.  Bngineen,  t7,  p.  989;  19x5. 
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a  mixture  rule  for  computing  the  foregoing  values  of  M^pA» 
it  can  not  be  said  with  certainty  that  the  differences  in  the  values 
are  not  illusory.  Hence  in  the  intercompaiison  of  these  gases 
we  may  as  well  treat  tiC^fK  as  a  constant  and  so  reduce  equation 
(55)  to  the  simpler  form 

The  next  point  to  be  considered  is  whether  or  not  we  may 
regard  the  flow  as  stream  line.  If  we  may,  Q  will  be  proportional 
to  the  conductivity  of  the  gas  and  (56)  will  be  still  furth^  simpli- 
fied to  the  form 

e-N§-^  (57) 

In  which  JV  is  a  dimensionless  shape  factor.  We  nave  already 
made  this  assumption  in  treating  the  effects  of  viscous  resist- 
ance, and  we  shall  also  make  it  here,  although  the  point  will 
be  touched  upon  again  in  section  19. 

Substituting  from  (57)  into  (52),  we  now  have 

7r'+^s^?%r;  ^^s) 

The  comparisons  already  made  between  our  equations  for  adia- 
batic  efflux  of  a  viscous  gas  and  the  observed  facts,  showed  that 
the  remaining  discrepancy  which  we  are  now  attempting  to 
accoimt  for  by  heat  transmission  is  small,  though  greater  than 
the  uncertainties  of  the  experiments.  Hence  the  correction  term 
in  (58)  is  small  and  we  may  write 


C^'- 


Let  pn  be  the  density  at  a  normal  state  /)n,  (?n,  so  that 

Let  Xn  be  the  value  of  X  at  this  same  normal  state,  and  let 

us  assume  that  Xoc-^d,  a  rough  approximation  but  better  than 
entirely  disregarding  the  variation  of  thermal  conductivity  with 
temperature.    Then  we  have 


X-Xrt/V^  (61) 
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Substxtnte  into  (59)  the  values  of  p  and  X  from  (60)  and  (61)'; 
also  the  values 

A-«„(i-f-)  (62) 

and 

S-V20,C,(i-f«)  (63) 

Let 


W  (64) 

and 

^       /5  (65) 


/H.CpV, 


Then  after  the  substitutions  and  reduction  we  have 

(^y-i+ir/SV^(i-f«)  (66) 

In  the  quantity  W  defined  by  equation  (64)  all  the  factors 
except  Bo  and  p  are  constants,  and  0o  and  p  vary  only  slightly 
from  one  experiment  to  another.  Under  the  circumstances  it 
would  be  a  waste  of  time  to  take  any  accoimt  of  these  relatively 
small  variations,  and  we  may  therefore  treat  the  quantity  W  as 
an  orifice  constant. 

The  quantity  /S  defined  by  equation  (65)  measures  a  property 
of  the  gas  in  question,  but  its  value  is  a  priori,  very  uncer- 
tain indeed;  for  while  the  densities  of  otu*  gases  were  measured, 
the  values  of  the  thermal  conductivities  and  specific  heats  had 
to  be  obtained  from  Landolt  and  Bomstein's  tables.  The  values 
of  X  are  only  very  roughly  known  even  for  the  pure  gases,  so  that 
the  values  of  fi  which  we  could  compute  a  priori  had  to  be  re- 
garded as  only  tentative  and  subject  to  correction.  The  manner 
in  which  they  were  corrected  will  be  described  later. 

Asstuning  for  the  instant  that  the  orifice  constant  W,  and 
the  gas  constant  jS^are  known,  equation  (66)  shows  us  how  the 
rate  of  efflux  of  a  nonviscous  but  thermally  conducting  gas  will 
be  affected  by  heat  transmission  from  the  orifice,  if  the  simplify- 
ing asstunptions  used  in  developing  the  theory  have  been  reason- 
ably good  approximations  to  reaUty. 
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17.  APPLICATION  TO  THE  COMPARISON  OF  NONVISCOUS 
BUT  THERMALLY  CONDUCTING  GASES 

Let  Rx  be  the  value  which  would  be  found  in  a  comparison  of 
two  gases  by  the  effusion  method  if  the  flow  were  affected  by 
heat  transmission  but  not  by  viscous  resistances;  and  as  before 
let  Ri  be  the  value  for  isentropic  efflux.    Then  we  have 


R 


\-(^<f-m-m 


Let  equation  (66)  refer  to  the  standard  gas,  and  let  us  divide 
it,  member  for  member,  into  the  corresponding  equation  for  the 
test  gas.    Then  by  equation  (67)  we  shall  have 


(68) 


i?i"   I +WP-^ r' (i  -  f) 
oc  very  nearly 

^- 1  +W\ft'^r"  (I  -  r")  -/JV  (I  -  f)]  (69) 

whence 

R^-R,-RiWp^^f"ii-r")-^r-ii-f)j  (70) 

Now  in  oiu:  experiments  the  value  of  Ri  always  remained  within 
the  limits  0.986  to  1.027.  Hence  it  will  be  legitimate  to  set 
/?i  =  i  in  the  second  member  of  (70)  because  we  know  already 
that  the  correction  we  are  trying  to  compute  is  small — in  fact,  not 
very  much  greater  than  the  observational  errors.  Since  /?  is  a 
constant  for  the  standard  gas,  if  we  let 

Wp^M  (71) 

M  is  an  empirical  orifice  constant.     And  if  we  let 

/?x-i?i=Ax  (72) 

equation  (70)  may  now  be  written 

Ax^-MJ^V^'Ci-O-V^d-^)]  (73) 

Supposing  all  otu:  hypotheses  and  approximations  to  be  satis- 
factory and  the  values  of  M  and  of  P'I0  to  be  known,  equation 
(73)  would  enable  us  to  compute  the  amount  Ax  by  which  the 
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iraitte  of  R  lound  with  oondtiattng  gaae  would  eieceed  the  value 
fotmd  if  there  were  ao  condiv^tkm,  yiacous  tesistances  bemg  neg- 
ligible in  both  cases. 

18,  ALLOWANCE   FOR   THE   SIMULTANSOUS   ACTION    OP 

VISCOSITY  AND  CONDUCTIYITY 

We  have  now  devised  a  theory  of  the  effect  of  viscosity  alone  on 
tiie  results  of  Bunsen's  method  of  determining  relative  density; 
and  we  have  found  it  not  adequate  to  representing  the  obseirved 
facts,  though  nearly  so.  We  have  then  developed  an  equation 
for  computing  the  effect  of  heat  transmission  acting  alone.  We 
shall  now  assume  that  when  the  gases  are  both  viscous  and  con- 
ducting, as  they  all  are  in  reality,  the  effects  of  viscosity  and  con- 
duction are  additive  and  may  be  computed  by  the  equation 

l?-l?^+A,  (74) 

where  by  equations  (48)  and  (49) 

R^^L  +  2G»[i+^i+Ll(?]  (75) 


i-f«' 


by  equation  (73) 


G- 

2-t"PX 

'i-r^'    2 

X- 

Can     C, 
'  pr  "  T* 

.) 

rof 

(76) 


Af^-v^'  (i-f-O  -  V^  (X  -^) J;  (77) 


and  C  and  M  are  empirical  orifice  constants.  It  remains  to  be 
seen  whether  these  equations  are,  in  fact,  capable  of  representing 
the  observations,  and  this  must  be  investigated  by  means  of  trial 
computations. 

The  values  of  a,  a'  and  P  have  been  discussed  in  sections  5  and 
13,  and  the  values  of  the  air  time  r  in  section  12.  The  values  of 
P'/P  are  knovm  only  very  roughly  and  those  of  C  and  M  are 
altogether  imknown.  We  therefore  have  set  before  us  a  rather 
complicated  task  of  adjusting  empirical  constants,  with  no  a  priori 
certainty  that  a  satisfactory  adjustment  is  possible.    The  manner 
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in  which  the  problem  was  attacked  and  the  degree  of  success 
achieved  will  be  be  tareated  in  sections  19  to  22. 

19.  ATTEMPTS  TO  ALLOW  FOR  TURBULENCE 

A  number  of  preliminary  computations  appeared  to  show  that 
the  results  of  experiments  on  orifices  23A,  236,  28,  and  29  could 
not  be  represented  by  equations  (74)  to  (77),  if  the  values  of  fi^fff 
given  tentatively  in  Table  6  were  used;  but  that  if  the  values  were 
arbiitnuily  changed  to  about  the  following 


H, 


CH4 
0.75 


CO, 
0-37 


Ar 
1. 13 


values  of  C  and  M  could  be  found  for  each  orifice  which  would 
make  the  theory  agree  pretty  well  with  the  facts.  It  was  not 
clear  from  the  results  whether  the  theory  of  the  conduction  effect 
required  modification  or  whether  the  tentative  values  of  fiUP 
required  correction. 

Attempts  were  made  to  modify  the  theory  of  the  heat  trans- 
mission effect  by  allowing  for  the  possibility  of  turbulence  in  the 
orifice.  One  such  attempt  was  made  in  connection  with  equation 
(56).  Instead  of  assuming  that  there  was  no  turbulence  and  so 
passing  directly  from  (56)  to  (57),  it  was  assumed  that 


^2 


1   ^   ' 

-AT 

\     X     1 
aSpCp 

aSfiCp 

(78) 


where  €  is  a  new  constant  dependent  on  the  degree  of  turbulence 
of  the  motion.  If  there  were  no  turbulence  at  all,  we  should  set 
€  =  1  and  get  equation  (57)  as  before.  But  if  tturbulence  were 
present,  the  effect  of  the  conductivity  X  would  be  decreased  while 
that  of  the  specific  heat  Cp  would  be  increased  because  of  convec- 
tion due  to  turbulence.  Hence  for  turbulent  motion  we  should 
have  €<  I,  and  the  greater  the  turbulence  the  more  nearly  e  would 
approach  zero,  the  physical  meaning  of  this  being  that  if  the 
motion  were  very  turbulent  virtually  the  whole  of  the  transfer  of 
heat  would  occur  by  convection  and  not  by  conduction. 
The  result  of  adopting  equation  (78)  was  to  give  the  equation 


(2-iVACp*- 


aSp 


(79) 


instead  of  the  simpler  equation  (57)  to  which  it  reduces  when 
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€"i.    The  same  process  of  reasoning  as  already  described  then 
led  to  an  equation  of  the  f  onn 


l-.+H' 
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<8o) 


in  place  of  equation  (69)  to  which  it  reduces  when  « =- 1 .  Equation 
(80)  then  permitted  of  otu-  obtaining  an  expression  for  Ax,  analo- 
gous to  but  far  more  complicated  than  that  given  by  equations 
(73),  and  computations  could  then  be  made  by  equation  (74). 

C(Hnputations  by  this  method  with  several  values  of  e  and  with 
the  tentative  values  of  p'/p  given  in  Table  6,  left  it  doubtftil 
whether  any  improvement  had  been  attained  to  offset  the  in- 
creased difficulty  of  the  computations. 

20.  KBS0LT8  OF  TBE  OBSBRTATIONS  ON  ORIFICB  NO.  31 ; 
YALXTBS  OP  fi'/fi  POR  HTDROGBN  AN]»  CARBON  BIOXIDB 

• 

At  this  stage  of  the  investigation  the  experiments  were  resumed. 
Improved  apparatus  (No.  II)  was  constructed  and  calibrated,  and 
greater  accuracy  of  measurement  enstued.  A  new  orifioei  No.  31^ 
was  also  made,  great  care  being  taken  to  have  its  entrance  smooth 
and  trumpet-shaped  on  one  side  (31A)  and  ^harp  on  the  other 
(31B).  With  31A,  the  entrance  being  smooth  and  rounded,  it 
seemed  safe  to  assume,  first,  that  tiiere  would  be  little  or  no  con* 
traction,  and,  second,  that  the  motion  would  be  sensibly  free  from 
turbulence,  so  that  if  the  rudimentary  theory  embodied  in  equa- 
tions (74)  to  (77)  were  ever  to  be  applicable,  it  would  be  to  experi- 
ments made  on  this  orifice. 

For  lack  of  time  only  two  experiments  were  made  with  orifice 
31A,  one  with  hydrogen  and  one  with  carbon  dioxide,  but  they 
appeared  satisfactory  as  to  experimental  accuracy.  Upon  apply- 
ing the  theoretical  equations  to  the  experimental  data  the  results 
were  as  follows^ 

(a)  If  the  motion  was  assumed  to  be  somewhat  turbtdent  and 
the  form  of  theory  consequent  on  the  assumption  of  equation  (78) 
with  €  considerably  less  than  tmity  was  adopted,  no  satisfactory 
agreement  between  the  theory  and  the  observations  could  be 
obtained  with  any  possible  values  of  the  orifice  constants  C  and 
M  or  any  values  of  0'fP  for  hydrogen  and  carbon  dioxide.  It 
was  clearly  apparent  that  if  €  were  sensibly  different  from  unity 
the  form  of  the  heat  transmission  term  Ax=/(r)  was  unsuitable. 
Tn  other  words,  for  this  orifice,  where  we  have  every  reason  to 
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suppose  that  turbulence  was  absent,  the  equation  deTeloped  on 
the  assumption  that  turbulence  was  absent  &ts  ISbe  fsucts  better 
than  the  modification  of  it,  which  supposes  that  turbulence  is 
present.  - 

(6)  By  setting  €«i — ^that  is,  by  assuming  turbulence  to  be 
absent  and  udng  the  theory  as  embodied  in  equations  (74)  to  (77) 
and  as  first  given — ^values  of  C  and  M  cotdd  be  found  which 
brought  about  an  excellent  agreement  of  the  theory  with  the  obser- 
vations, if,  but  only  if,  at  least  one  of  the  values  of  PU0  (for  hydro- 
gen and  carbon  dioxide)  was  arbitrarily  changed  from  its  original 
tentative  value. 

On  the  strength  of  these  results,  obtained  from  new  and  im- 
proved apparatus  but  consistent  with  all  the  previous  observa- 
tions, we  decided  to  accept  the  theory  as  developed  and  to  correct 
the  values  of  fi'/ff  arbitmrily  by  reference  to  the  experiments, 
choosing  such  values,  tyoftgregtiy  differiqg  from  the  origteal  tenta- 
tive values  computed  a  priori,  as  should  if  possible  result  in  a  sat- 
isfactory agreement  between  theory  and  observati(Mi. 

After  consideration  of  the  above-mentioned  experiments  on 
orifice  aiiA  the  values 

/f ,  CO, 

P' IP  ^1.5  0.4 

instead  of  the  original  tentative  values  1.69  or  1.62  and  o,4£  ware 
definitively  adopted  for  use  in  all  future  comptitations  on  these 
two  gases. 

The  constants  C  and  M  of  equations  (76)  and  (77)  were  then 
adjusted  by  trial  and  the  values 

C  "=0.0075  M«o.23 

adopted.  The  values  of  I?  =/  (r)  computed  with  these  values  from 
equation  (74)  are  represented  by  the  curves  in  plate  2,  while  the 
observed  points  are  plotted  separately. 

21.  OBSERVATIONS  ON  ORIFICE  NO.  28;  VALUES  OF  p'/fi 

FOR  METHANE  AND  ARGON 

It  now  remained  to  adopt  values  of  P'/P  for  methane  and  aiigon 
which  had  not  been  used  with  orifice  31  A.  For  this  purpose 
reference  was  made  to  the  experiments  on  orifice  28,  because  the 
experiments  on  this  orifice  appeared  to  be  more  consistent  and 
therefore  probably  more  acctuate  than  those  on  23 A,  23B,  and  29. 
They  were  also  more  ntunerous  and  had  been  made  with  three 


IgSaf^]  E^ux  of  Gases  Through  SfMll  Orifiees    ^  609 

separate  pieces  of  apparatus,  se-that  fhe  average  results  were  less 
fikely'fo  be  subject  t6  systenlatic  errors  due  to  peculiarities  of 
the  apparatus  or  errors  in  calibriation. 
We  proceeded  as  follows.    With  the  values  of  i57l*  already 

« 

adopted  for  hydrogen  and  carb6n  dioxide  as  suited  to  the  experi^ 
ments  on  orifice  31  A,  computations  were' undertaken  by  equations 
<74)  to  (77)  and  values  of  C  and  M  were  determined  as  as  to  give 
as  satidactory  an  agreement  as  possible  between  the  obsi^-vations 
on  hydrogen  and  carbon  dioxide  and  the  computed  curves  /?  —  f  (r). 
These  values  were 

C— 0.012  Af="0.24 

and  the  agxeetnent  between  the  computed  curves  and  the  observe4 
pcMnts  is  to  be  seen  by  examining  plate  3. 

The  values  of  C^  and  M  having  thus  been  determined  without 
any  attention  to  the  observations  on  methane  and  argon,  the  com- 
putations were  next  made  for  the  latter  two  gases  with  these  siame 
values  of  Cf  and  M  and  witl^  such  values  of  j37A  for  methane  and 
argon  as  t^  .make  the  computed  curves  of  R  ^f  (r)  fit  the  c^seinra-, 
tions  as  well  as  possible.  Tl;e  values  finally  adgjp;(ed  for  all  fom; 
gases  were  as  foUows^: 

GasH,  CH4        CO,         At 

^70*1.5^       0;75        0.40        r.04: 
and  these  were  used  without  fiuther  change  in  all  the  remaining 
computations.    They  differ  considerably  from  the  tentative  values 
given  in  Table  6  but  not  by  more  than  the  uncertainties  of  tiiose 
values. 

The  curves  for  methane  and  argon,  computed  with  the  foregoing, 
values  of  fi^lP,  but  with  the  values  of  C  and  M  determined  by 
reference  only  to  hydrogen  and  carbon  dioxide,  agree  excellently 
with  the  observed  points,  the  fit  being  on  the  whole  decidedly 
better  than  for  carbon  dioxide  and  very  much  better  than  for 
hydrogen. 

22.  KESULTS  OF  APPLTING  THE  THEORT  TO  ORIFICES  BTOS. 

29  AND  23A 

The  result  so  far  is  to  show  that  if  the  values  given  above  for 
fiUfi  are  adopted,  the  theory  embodied  in  equations  (74)  to  (77) 
is  capable  of  representing  the  observed  facts  for  orifices  31 A  and 
28,  nearly  or  quite  within  the  limits  of  the  experimental  errors,  ex- 
cept at  the  largest  values  of  r,  where  the  values  of  (i?-i)  can  no 
longer  be  regarded  as  small  corrections,  as  demanded  by  the  theory. 
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Si^asfactory  values  of  fi'/fi  having  thus  beea  obtaiB^^  tiie  theory 
was  ai>pUed  to  the  observations  on  the  other  orifices,  without 
further  attempt  to  improve  the  values  of  fi'/fi.  The  work  con^ 
sisted  merely  in  finding  by  trial  lor  each  orifice,  a  suitable  pair 
of  values  for  the  orifice  omstants  C  and  M. 

Orifice  29, — ^The  trial  oomputations  were  aH  made  with  i«fer- 
ence  to  hydrogen  and  carbon  dioxide,  no  attention  being  paid  to 
the  observations  on  methane  and  argon.  The  values  adopted 
were 

C— 0.013  Af— 0,12 

These  were  then  used  in  computing  the  ctirves  for  methane  and 
argon.  The  curves,  together  with  the  separate  observed  points, 
are  shown  on  plate  4.  As  was  found  to  be  the  case  with  orifice 
28,  the  theory  seems  to  fit  the  observations  on  methane  and  argon 
somewhat  better  than  those  on  carbon  dioxide  and  much  better 
than  it  fits  the  observations  on  hyxlrogen. 

Orifice  23 A . — ^As  before,  the  trial  computations  were  all  made 
with  reference  to  hydrogen  and  carbon  dioxide.  One  of  the  three 
series  for  tarbon  dioxide  differed  considerably  from  the  other 
two  and  it  was  disregarded.  This  series  had  been  ignored  in 
our  earlier  computations  as  if  under  suspicion,  but  we  have  no 
note  as  to  why  this  was  done.  The  vsdxtes  fdund  for  the  orifice 
constants  w(tt« 

C'— o.oi  jW-»o.i9 

and  these  values,  determined  by  reference  to  hydrogen  and  carbon 
dioxide,  were  used  in  the  computations  for  methane  and  argon. 
The  computed  ciurves  and  the  obseirved  points  are  shown  on 
plate  5. 

In  all  the  computations  for  orifices  31,  28,  and  29  the  values 
used  for  r  were  means  found  from  all  the  air  runs  on  each  orifice 
as  described  in  section  14.  But  during  the  experiments  on  orifice 
23 A,  some  change  in  the  orifice  occmred  about  April,  191 6,  after 
all  the  e^q^eriments  except  those  .on  argon  had  been  completed. 
This  change  manifested  itself  by  a  change  in  the  values  of  the 
air  time  r,  which  decreased  a  little  as  if  the  orifice  had  been 
enlarged  or  a  sUght  obstruction  removed  firom  it.  We  there- 
fore used  the  means  of  the  earlier  values  of  t  in  the  computations 
on  hydrogen,  methane,  and  carbon  dioxide,  but  for  argon  we 
used  the  values  of  r  obtained  from  the  argon  series  only. 
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A  change  in  the  war  time  means  a  change  in  the  offfice,  and 
after  this  change  the  orifice  might  be  esqpected  to  behave  aS  a 
different  orifice  with  other  values  of  C^  and  M.  In  this  instance, 
however,  the  change  was  slight  and  no  attempt  was  made  to 
determine  a  separate  pair  of  values  for  the  observations  on  argon. 
A  more  striking  example  of  soch  a  change  oceui^ed  with  orifice 
23B,  which  was  merely  33A  tximed  the  other  side  up  so  that  the 
direction  of  flow  through  the  orifice  was  reversed. 

23.  BEHAVIOR  OF  ORIFICE  NO.  23B 

A  study  of  the  air  times  for  orifice  23B  ^showed  that  during  the 
period  of  the  experiments,  January  26  to  May  24, 1916,  this  orifice 
underwent  three  changes — ^two  rather  small,  but  the  third  quite 
marked.  The  orifice  was  therefore  treated  as  four  separate 
orifices  with  difiesent  omstants,  the  computations  being  carried 
out  with  values  of  r  obtained  from  four  separate  mean  curves  of 

I.  Before  Bebnuay  27,  1916,  two  series  were  run  withhydro- 
gen,  one  with  methane,  and  one  with  carbon  dioxide.  The  results 
for  hydrogen  and  oarbcm  dioxide  are  not  consistent;  that  is,  no 
values  of  C  and  M  can  be  fotmd  which  will  make  the  theory 
agree  well  with  the  observations.  On  the  other  hand,  by  using 
the  observations  on  hydrogen  and  methane  a  good  agreement  can 
be  had  by  adopting  the  values 

C  —0.0087  Af  —0,05 

The  observations  for  carbon  dioxide  are  then  very  far  from  the 
c&rbon^ioxide  curve  found  from  these  constants,  and  they  show 
a  systematic  divergence  from  the  shape  of  the  ciffve,  which  we 
suspect  to  be  due  to  the  formation  of  a  vena  contracta. 

The  computed  curves  and  the  observed  points  are  shown  on 
plate  6. 

The  first  change  in  the  orifice  occurred  between  the  foregoing 
and  the  next-mentioned  experiments. 

II.  On  May  3  and  4  two  series  were  rtm  with  argon.  The  best 
values  for  representing  these  series  are  about 

C  —  0.0079  M  =  <^'07 

and  the  resulting  fit  is  only  fair  as  may  be  seen  from  plate  7. 
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Betwoati  tjbese  and  the  oext  series  a  secotni  change  occurred, 
and 

III.  Oh  May  17  one  series  was  run  with  hydrogen.  The 
constants 

C  =  0.0079  M  =»  0.03 

give  a  computed  curve  which  fits  the  observed  points  better 
than  could  have  been  expected.  The  curve  and  the  i>oints  are 
shown  on  plate  7. 

Between  May  1 7  and  May  24  a  third  and  larger  change  occurred^ 
and 

IV.  On  May  24  one  series  was  run  with  carbon  dioxide.  If 
the  constants 

C  «  0.075  M  ^  <^-07 

are  used,  the  agxeexnent  of  the  computed  curve  with  the  observed 
points  is  excellent.  The  curve  and  observed  points  are  shown  on 
plate  7  along  with  those  for  cases  II  and  III. 

24.  REIAARKS  ON  ORIFICES  NOS.  2aA  AND  23B,  I,  n,  IH, 

AND  IV 

A  study  of  the  behavior  of  orifice  23  is  instructive  in  throwing 
light  on  some  of  the  difficulties  and  sources  of  error  in  the  effusion 
method  of  determining  gas  densities,  and  also  in  giving  a  prob- 
able qualitative  interpretation  of  some  of  the  divergences  be- 
tween theory  and  observation. 

In  the  first  place,  examination  under  the  microscope  showed 
that  this  orifice  was  rather  rough  and  irregular  on  both  sides,  and 
itappeared  to  have  a  btur  on  one  side.  In  the  second  place,  diffi- 
culties were  encountered  from  the  start,  especially  with  position 
23B,  in  getting  consistent  and  reproducible  results,  whether  with 
air  or  with  one  of  the  test  gases.  It  seems  highly  .probable  that 
these  difficulties  and  irregularities  of  behavior  weie  due  to  the 
roughness  of  the  edges  of  the  orifice  which  would  have  a  tendency 
to  catch  and  hold,  for  a  longer  or  shorter  time,  minute  particles 
of  dust  which  might  be  suspended  in  the  gas.  Large  irregulari- 
ties were  observed  on  one  occasion  when  there  was  reason  to  sus- 
pect that  the  gas  had  not  been  thoroughly  dried,  so  that  water 
droplets  might  have  been  formed.  And  although  care  was  taken  to 
have  the  gases  dry  and  dust  free,  there  was  always  the  chance 
that  mercmy  droplets  might  cling  to  the  sides  of  the  orifice.  For 
the  gas  within  the  apparatus  is  presumably  sattu^ted  with  mer- 
cury vapor;  and  although  the  density  of  mercury  vapor  at  room 
temperatture  is  small,  it  nevertheless  seems  possible  that  the  cool- 
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ing  in  the  jet  may  lurve  caused  mme  ccndefisation.  At  all  events, 
the  indications  are  that  particles  of  some  sort  did  catch  on  the 
edges  of  the  orifice. 

If  the  orifice  were  rougher  on  one  side  than  on  the  other  and  es- 
pecially if  it  had  a  burr  on  one  side,  it  might  be  expected  that  these 
diffictdties  would  be  more  pronotmced  when  that  was  the  entrance 
side.  Furthermore,  the  presence  of  a  rough  or  burred  entrance 
would  render  the  orifice  more  susceptible  to  mechanical  changes 
than  it  would  otherwise  be.  •  This  describes  the  behavior  of  23B  as 
compared  with  23A.  The  observations  were  more  irregular,  and 
more  difficulty  was  found  in  getting  reproducible  results  with  23B 
than  with  23 A;  and  while  both  showed  the  effect  of  mechanical 
changes,  probably  due  in  some  way  to  handling,  these  changes 
were  much  more  pronoimced  for  23B  than  for  23A.  It  looks 
therefore  as  if  on  the  side  B  the  entrance  had  been  rough,  possibly 
with  a  btUT,  while  on  the  side  A  it  had  been  smoother. 

Now  let  us  consider  what  fiulher  differences  of  behavior  would 
probably  be  observed  between  two  orifices  of  the  same  diameter 
and  length,  one  of  which  had  a  burred  or  sharp-cornered  entrance 
while  the  entrance  of  the  other  was  smooth  and  well  rotmded. 

In  the  first  place,  the  sharp  entrance  might  give  rise  to  the  for- 
mation of  a  vena  contracta.  If  it  did,  the  jet  area  A  would  be  re- 
duced and  the  discharge  coefficient  would  be  less  than  for  the  ori- 
fice with  rounded  entrance.  This  describes  the  behavior  of  23B 
as  compared  with  23A:  The  discharge  coefficient  was  smaller  for 
23B,  that  is,  the  air  times  were  longer  than  for  23 A. 

In  the  second  place,  if  the  entrance  is  sharp,  the  high  speed 
jet  is  in  contact  with  the  metal  for  a  much  shorter  distance  than 
if  the  entrance  is  rounded  and  there  is  no  contraction.  Hence, 
sharpness  of  entrance,  while  it  reduces  the  discharge  by  causing 
contraction,  will  tend  to  decrease  the  effect  of  viscosity  but  more 
especially  that  of  heat  transmission.  If  23B  has,  in  fact,  a  sharper 
entrance  than  23A,  we  should  expect  its  values  of  C  and  M  to  be 
lower  than  those  for  23A.    The  values  actually  fotmd  were 

for       23A C'«o.oio M  — 0.19 

for       23B  (mean) C'-o.oo8o M«o.054 

which  agrees  with  the  above-mentioned  suppositions. 

It  therefore  appears,  although  it  could  not  have  been  predicted 
with  certainty  from  the  appearance  of  the  orifice  tmder  the 
microscope,  that  this  orifice  behaved  as  though  it  had  a  rounded 
entrance  when  used  in  the  position  23A  and  a  sharp  or  burred 
entrance  when  used  in  the  position  23  B. 
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25.  COHCLUDHrO  RXMASKS 

In  developing  the  equations  used  for  representing  the  experi- 
mental results,  we  assumed  that  at  any  given  value  of  r  the  mini- 
mum section  of  the  jet  was  the  same  for  air  as  for  the  test  gas,  and 
the  ratio  A^/A  of  the  two  sections  therefore  disappeared  from  the 
equations  for  R. 

This  condition  would  be  satisfied  if  there  were  no  contraction 
at  all,  for  then  A '  and  A  would  be  simply  the  smallest  section  of 
the  orifice.  But  it  would  also  be  satisfied  if  there  were  contraction, 
provided  the  aniotmt  of  contraction  were  the  same  for  the  different 
gases  at  any  given  r,  even  though  the  contraction  might  vary 
with  r.  If  the  efflux  could  be  made  d3mamically  similar  during 
the  comparison  of  two  gases,  we  cotdd  ensure  that  the  forms  of  the 
jets  should  be  the  same  and  the  contraction  coefficients  equal; 
but  in  the  sort  of  comparison  made  in  using  Btmsen's  method  the 
conditions  of  dynamical  similarity  are  not  fulfilled. 

An  investigation  of  the  values  of  the  discharge  and  contraction 
coefficients  for  these  small  orifices  would  be  interesting,  and  some 
attempts  in  this  direction  were  made;  but  the  experimental  data 
are  not  sufficient  in  either  niunber  or  accuracy  to  justify  a  descrip- 
tion of  these  attempts.  All  that  can  be  said  definitely  is  that  the 
variations  of  the  discharge  coefficient  with  the  diameter  of  the 
orifice  are  qualitatively  in  agreement  with  what  is  known  about 
the  flow  of  water  and  air  through  larger  orifices  up  to  4.5  inches 
diameter. 

Upon  considering  the  general  nature  of  the  agreement  of  the 
computed  curves  with  the  observed  points,  it  appears  that  for 
hydrogen  there  is  a  systematic  divergence;  and  it  seems  quite 
possible  that  this  is  due  to  a  difference  in  the  form  of  the  jets  for 
hydrogen  and  air,  a  difference  which  itself  changes  with  r.  For 
at  a  given  value  of  r  jets  of  hydrogen  and  air  are  farther  from  dy- 
namical similarity  than,  for  instance,  jets  of  methane  and  air 
which  have  more  nearly  the  same  density. 

Certain  early  experiments  with  other  somewhat  larger  orifices, 
which  have  not  been  discussed  in  this  paper  because  the  data  were 
too  few,  gave  points  for  carbon  dioxide  which  seemed  to  diverge 
systematically  from  the  computed  curves  in  the  same  way  as  the 
carbon-dioxide  points  on  plate  6  diverge  from  the  curve  there 
given,  but  to  a  more  marked  degree.  Whether  these  divergences 
are  really  to  be  attributed  to  contraction  and  changed  form  of  the 
jets  can  not  be  definitely  stated,  but  if  we  were  to  pursue  the 
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research  farther,  this  is  the  direction  in  which  we  should  first 
attempt  to  extend  it. 

It  may  be  noted  that  the  observations  at  r  =  0.986  and  0.990 
(pis.  2,  3, 4)  are  a  good  way  off  from  the  cxu-ves,  the  observed  value 
of  (R—  i)  being  numerically  greater  than  the  computed  value  as 
shown  by  the  position  of  the  curve.  Upon  remembering  that 
to  manage  the  problem  at  all  we  were  obliged  to  treat  the  errors — 
that  is,  the  values  of  (R  —  i)  as  small  quantities — ^it  does  not  appear 
surprising  that  the  approximation  ceases  to  be  satisfactory  when 
(R—  i)  is  so  large  as  it  is  for  these  points,  where  the  pressure 
ratio  r  is  approaching  tmity. 

On  the  whole,  it  appears  that  the  theory  as  given  does  represent 
the  major  part  of  the  facts  reasonably  well,  and  that  the  physical 
ideas  on  which  it  was  based  are  probably  sound,  so  far  as  they  go. 

Washington,  May  8,  1919. 
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METHODS  FOR  COMPUTING  AND  INTERCX)MPARING 

RADIATION  DATA 


By  W.  W.  Coblentz 


L  IRTRODnCTORT  STATBMBHT 

This  paper  gives  a  simple  method  for  computing  spectral  energy 
cm^es,  using  the  Planck  formula.  In  order  to  facilitate  the  com- 
putations, a  table  of  values  of  log  (e^-i)  is  given.  Such  data 
do  not  appear  to  have  been  published  heretofore.  By  means  of 
this  table,  a  table  of  logarithms,  and  a  slide  rule,  one  can  compute 
a  complete  spectral  energy  curve  in  an  hour. 

The  paper  gives  also  a  chart  for  intercomparing  the  thermal 
radiation  constants,  with  similar  data  which  may  be  obtained 
indirectly  from  theoretical  considerations,  using  Planck's  universal 
constant,  h,  and  data  obtained  from  ionization-potential,  photo- 
dectric,  and  X-ray  work.  Of  course  it  is  to  be  understood  that 
whatever  the  true  (theoretical)  value  of  the  constant,  h^  and  the 
spectral  radiation  constant,  C|,  may  be,  the  value  of  c,,  as  obtained 
from  measurements  on  black-body  radiators  should  be  used  in 
optical  pyrometry  and  radiation  work. 

Dtuing  the  past  few  years  the  writer  ^  has  made  frequent  use 
of  this  table  in  computing  spectral  energy  data  and  has  found 
it  suf&ciently  extensive  for  ordinary  use.  The  chart  is  the  out- 
come of  numerous  intercomparisons  *  of  spectral  radiation  data 
with  similar  data  resulting  from  photoelectric  and  other  experi- 
ments, supplemented  by  the  very  complete  computations  and 
tabulations  made  by  Dushman.* 

s.  coMPirrATioN  or  spbctral  radutioh  data 


The  Planck  radiation  formula,  as  usually  written,  is 


^x-^iX-»(««^*  -i)-i 


(I) 


The  function,  e"  — i,  does  not  appear  to  have  been  tabulated 
heretofore.    Some   3rear8   i^o   a   system   of   computation   was 

>  Bolkdii,  BoRMi  of  StiwlTdi,  It,  i*.  471,  1916. 

•Cobknti,  Fhys.  Her.,  tS,  |>.  6ij,  1911  (On  the  Bknunterr  Btoctiical  Chuie);  alw  Bvlktin,  Bureui 
of  Stoadanli.  It,  p.  553, 1916. 
*  Dwrimnn,  Gen.  Bkct.  Rev.,  18,  p.  1167.  1915. 
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I 
adopted  whereby  the  value  of  X  was  so  chosen  that  the  exponent 

u^cjyr  resulted  in  a  number  which  is  given  in  exponential 
tables*  of  e".  This,  of  course,  is  possible,  whatever  values  of  c, 
may  be  used.  Hence,  the  present  table  is  of  permanent  value. 
In  view  of  the  uncertainty  of  the  exact  value  of  c„  the  time 
does  not  yet  seem  ripe  for  tabulating  E\,  for  different  tempera- 
tures (say,  in  steps  of  50®)  and  wave  lengths. 

By  the  system  of  calculation  herein  employed,  spectral  intensity 
data  may  be  quickly  computed.  For  this  purpose  the  value  of 
log  Cj  =  5.00000  is  employed,  the  resulting  values  of  -Ex  being,  of 
course,  in  arbitrary  imits.    The  Planck  formula  then  becomes 

log  Ex  -log  Af-5  log  X (2) 

in  which  values  of  log  k^Xog  c,— log  (e"— i)  are  given  in  the 
fourth  coltonn  of  Table  i . 

As  already  mentioned,  the  usefulness  of  the  method  lies  in 
selecting  the  exponent 

n = c^l\T (3) 

so  that  values  of  u  may  be  taken  from  the  table.  The  value 
of  X  usually  comes  out  some  imeven  number,  but  this  is  unim- 
portant. 

Example. — ^The  following  data  are  given  as  an  illustration  of 
the  computation*  of  the  isothermal  spectral  energy  curve  for 

T  =  isge""  K,  usihg  c,  =  14350. 
Here 

ti  =02^7^  =  8.99 

X 
From  Table  i ,  f  or 

v  =  8.o,  X  =  i.i23jDi; 

Xogk  « 1.52579 
5logX'=  .25190 

log  Ex  =  1.27389 

Ev=  18.79  at  X  =  1.123/i. 

*  ftnlthwonian  Mathanatical  Xtbleg,  H^peibolic  FttnctioBfc 

*  Bulletin^  Bttxeau  of  Standards,  18,  p.  476.  19x6. 
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TABLB  1 


14 

<» 

loto[«--l] 

logl;» 

5-log[««-l] 

a  10 

1. 10  517 

1. 021  932 

5.97  807 

.15 

1. 16  183 

T.209  069 

5.79  094 

.20 

1.22  140 

T.34S  177 

5.65  483 

.25 

1.28  403 

1 453  357 

5.54  665 

.30 

1.34  966 

1. 543  894 

5.45  611 

a  35 

1.41  907 

T.622  286 

5.37  772 

.40 

1.49  183 

1. 691  815 

5. 30  819 

.45 

1.56  831 

T.  754  586 

5.24  542 

1 

.50 

1.64  872 

T.  812  057 

5.18  795 

.55 

1. 73  325 

1.865  254 

5.13  475 

aoo 

1.82  212 

T.  914  935 

5.06  507 

.55 

1.91554 

T.  961  677 

5.03  833 

.70 

2.01  375 

0005  926 

4  99  407 

.75 

Zll  700 

.048  053 

495  195 

.80 

2.22  554 

.088  317 

4  91  169 

a85 

Z33  965 

.126  971 

487  303 

.90 

Z45  960 

.164  234 

483  577 

.95 

Z  58  571 

.200  221 

479  978 

1.00 

i 

Z71828 

.235  09^ 

476  491 

.05 

2.85  765 

.268  964 

473  104 

tio 

a  00  417 

.301938 

469  808 

.15 

3. 15  819 

.334  009 

466  591 

.ao 

3.32  012 

.365  509 

463  449 

.25 

3.49  034 

.396  257 

460  374 

.30 

3.66  930 

.426  397 

4  57  361 

Ld5 

3.85  743 

.455  976 

454  403 

.40 

4.05  520 

.485  039 

4  51497 

.45 

4  26  312 

.513  633 

448  637 

.50 

448  169 

.541  789 

445  822 

.55 

471  147 

.569  546 

443  046 

L0O 

495  303 

.596  929 

440  306 

.05 

5.20  696 

.623  970 

4  37  603 

.70 

5.47  395 

.650  691 

4  34  931 

.75 

5.75  460 

.677  114 

4  32  289 

.80 

6.04  965 

.703  261 

429  674 
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u 

e" 

loto[««-l] 

logl;» 
5-l«g[e«-ll 

1.83 

0.23  389 

.718  825 

4.28  118 

.85 

6.35  982 

.728  150 

4.27  185 

.  .90 

6.08  589 

.754  798 

4.24  521 

.93 

6.88  951 

.770  079 

422  992 

.95 

7.02  869 

.780  223 

4.21  998 

2.00 

7.38  906 

.805  437 

4.19  456 

.10 

&  16  617 

.855  287 

4. 14  471 

.20 

9.02  501 

.904  446 

4.09  865 

.30 

9. 97  418 

.952  995 

4.04  701 

.40 

11.0  232 

1.001  005 

3.99  899 

Z50 

12.1  825 

1.048  529 

3.95  148 

.00 

13. 4  637 

1.095  647 

3.90  435 

.70 

14.8  797 

L  142  386 

3.85  761 

.80 

16.4  446 

L  188  779 

3.81  122 

.90 

lai  741 

1.234  875 

3.76  513 

3.00 

2a0855 

1.280  705 

3.71  929 

.10 

22.1  980 

1.326  293 

3.67  371 

.20 

24.5  325 

1. 371  668 

3.62  833 

.30 

27.1  126 

1. 416  851 

3.58  315 

.40 

29.9  641 

1.461  859  . 

3.53  815 

3.50 

33.1  155 

1.506  714 

3.49  329. 

.00 

36.5  982 

1.551428 

3.44  887 

.70 

40.4  473 

1. 596  017 

3.40  398 

.80 

44. 7  012 

1.640  493 

3. 35  951 

.90 

49.4  024 

1.684  867 

3.31  5U 

4.00 

54.5  982 

1.729  150 

3.27  085 

.10 

60.3  403 

1.773  349 

3.22  664 

.20 

66.6  863 

1. 817  541 

3.18  246 

.30 

73.6  998 

1.861  532 

3.13  846 

.40 

81.4  509 

1.905  531 

3.09  446 

4.50 

9a  0  171 

L  949  474 

3.05  053 

.00 

99.4  843 

1.993  367 

3.00  068 

.70 

109.  947 

2. 037  215 

2.96  298 

.80 

121.  510 

2.081  023 

2.91  898 

.90 

134.  290 

2.124  798 

2.87  520 
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u 

«■ 

logto[«--l] 

logi» 
5-log[«»-ll 

5.00 

14a.  413 

2.166  536 

2.83  146 

.10 

164.  022 

2.212  246 

2.78  775 

.20 

181.  272 

2. 255  928 

2.74  407 

.50 

2(to.  337 

Z299  588 

2.70  041 

.40 

221.  406 

2.343  223 

2.65  678 

5.50 

244.  692 

2.386  841 

2. 61  316 

.75 

314w  191 

Z495  809 

2.50  419 

6.00 

403.  429 

2.604  689 

Z39  531 

.50 

665.  142 

2.822  261 

2.17  774 

7.00 

109  6.63 

3.039  664 

1.96  034 

7.50 

180  ao4 

3.256  959 

1.74  304 

&00 

296  0.95 

3.474  209 

1.52  579 

&S0 

491  4.77 

3. 691  414 

1.30  859 

9.00 

810  3. 06 

3.906  596 

L09  140 

9.50 

133  59.7 

4. 125  770 

.87  423 

lao 

220  26.5 

4. 342  926 

.65  707 

11.0 

596  74.1 

4.777  232 

.22  277 

12.0 

162  755. 

5. 211  532 

T.  78  847 

13.0 

442  413. 

8.645  828 

1. 35  417 

14.0 

1202  604. 

6.060  123 

1.91  968 

It  is  of  course  to  be  understood  that  alter  computing  these 
data  they  must  be  multiplied  by  a  factor  to  superpose  them 
upon  the  observed  spectral  energy  curve.  This,  as  well  as  the 
determination  of  the  different  values  of  u^  is  easily  accomplished 
with  a  slide  rule. 

m.  mTBRCOMPARISOlf  OF  RADUTIOR  AND  OTHER  DATA 

From  Planck's  radiation  theory  we  have  the  following  relations: 

Ct^ch  fe"* «4.965i  Xm  T" (4) 

ac     i2ir  X  1.0823  k^  ,  V 

'-7 c-y       <5' 

^■'-^k ^ 

"i <') 
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In  these  equations  k  is  Planck's  universal  constant  or  constant 
of  action;  &  is  the  Boltzmann  gas  constant,  ife  =  1.372  x  lo"'*  erg, 
deg"';  c  is  the  velocity  of  light,  C-2.9986X10"'  cm.  sec."';  F 


8 


is  the  Faraday  constant,  F  =  965oo  coulombs;  R  is  the  absolute 
gas  constant,  i?  =-831.5  erg.  deg"';  and  e  is  the  unit  electric 
,  «"4.774Xio""  e.  s.  u.     From  equation  {7)  it  may  be 
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noticed  that  a  change  in  the  value  of  ^e  affects  the  value  of  c, 
directly,  while  the  value  of  a  is  affected  by  e*. 

The  data  computed  from  the  above-mentioned  constants  and 
formulae  are  illustrated  in  Fig.  i,  from  which  it  is  an  easy  matter 
to  compare  experimental  data.  For  example,  the  writer's  •  value 
of  the  coefiBdent  of  total  radiation  is  <r  « (5.72  ± o.oi 2)  x  10"**  watt, 
cm"*,  deg^.  This  indicates  a  value  of  C2»i4  320  micron  de- 
grees and  a  value  of  *«6.55Xio-"  erg  sec.  The  value  of  A, 
determined  by  Blake  and  Duane  ^  by  X  rays,  is  *- 6.555  X  lo"" 
erg  sec.;  or  an  indicated  value  of  c,<-i4  330  micron  degrees, 
which  is  dose  to  experimental  determinations  of  this  constant. 

Using  the  early  determinations  of  c,  and  a  by  Lummer  and 
Pringsheim,  and  by  Kurlbaum,  and  the  above-mentioned  rda- 
tions  in  his  radiation  theory,  Planck '  deduced  a  value  of  e  — 
4.69X10"*®  e.  s.  u.  for  the  elementary  charge  of  an  dectron. 
He  calls  attention  to  the  fact  that  the  value  of  this  constant 
will  depend  upon  the  accuracy  of  the  experimental  determina- 
tion of  the  constants  of  radiation,  which  in  the  meantime  have 
been  found  quite  different  from  the  values  used  by  him. 

In  the  meantime  the  unit  electric  charge  has  been  determined 
with  high  precision  by  Millikan,*  and  recent  writers  have  been 
computing  the  radiation  and  other  constants,  using  the  value  of 
e =4.774X10"*®  e.  s.  u.  As  shown  by  the  dotted,  c„  a— curve 
in  Fig.  I,  a  change  of  about  o.i  per  cent  in  e  (using  6  =  4.777 
as  fotmd  in  earlier  experiments — 191 2)  has  an  appredable  effect 
upon,  and  happens  to  bring  a  doser  agreement  between,  the 
writer's  values  of  c,  and  a;  though  no  particular  significance  is 
to  be  attached  to  this  fact. 

In  view  of  the  fact  that  several  writers "  have  expressed  the 
opinion  that  the  radiation  constants  c,  and  a  could  be  derived 
more  acciu-atdy  from  determinations  of  h  by  photodectric  and 
other  data,  it  is  important  to  emphasize  that  whatever  the  theo- 
retical value  of  c,  may  be,  the  value  of  c,  as  determined  on  the 
best  black  bodies  that  can  be  constructed,  using  accepted  experi- 
mental methods,  is  the  one  to  be  used  in  optical  pyrometry  and 
radiation  work. 

*  Proc.  Nat.  Acad.  Sd..  8,  p.  504.  19x7. 

7  Bloke  and  Duanc,  Phys.  Rev.  (a),  10,  p.  624, 19x7. 

*  Planck.  Vorlesonsen  il  Wannesttahlung,  p.  163;  1906. 
»  tflllikan,  Proc.,  Nat.  Acad.  Sd.,  8,  p.  a$x;  19x7. 

M  MiUikan.  Phys.  Rev.,  (a)  1,  p.  378;  1916.    Detlincer,  Bulletui,  Bixrcan  of  Standards,  18,  p.  543:  1916. 
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From  a  recent  recalculation  and  intercomparison  by  Birge  ^^ 
of  the  data  on  c,,  a,  and  h,  as  determined  by  radiometric,  photo- 
electric, X  rays,  and  ionization  potential  measurements,  it  appears 
that  the  value  of  h,  computed  from  radiometric  data,  compares 
favorably  with  that  obtained  by  more  direct  measurement*  The 
outstanding  disagreement  between  all  the  observed  and  computed 
data  appears  to  be  of  the  order  of  2  to  3  parts  in  1000,  whatever 
the  method  of  experimentation.  This  is  a  very  close  agreemeat, 
considering  the  variety  of  the  data  and  the  difficulties  involved 
in  making  the  experiments.  It  seems  to  indicate  something  more 
than  a  fortuitous  relation  between  properties  of  matter. 

IV.  SUMMARY 

In  this  paper  a  simple  method  is  given  for  computing  spectral- 
enm*gy  ctuves,  using  the  Planck  formula.  For  this  purpose  a 
table  of  values  of  log  (e"  - 1)  is  given. 

The  paper  gives  also  a  chart  for  the  intercompaiison  of  thermal 
radiation  constants  with  similar  data,  obtained  indirectly  from 
ionization  potential,  photoelectric,  and  X-ray  measurements. 

Washington,  August  6,  1919. 

>>  Bilge;  Fhys.  Rer.,  (a)  14,  p.  361;  sgoqp. 
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L  INTRODUCTORY 

The  usual  t3rpes  of  permeameter,  for  the  measurement  of  the 
magnetic  properties  of  iron  and  steel  bars,  do  not  permit  the 
magnetizing  force  to  be  carried  to  very  high  values.  The  Bur- 
rows permeameter,*  for  example,  is  limited  to  H  =  30o  gausses. 
Frequently  in  the  testing  of  the  magnetic  properties  of  fairly 
long  straight  rods,  it  is  desirable  to  carry  the  magnetizing  force 
considerably  higher  in  order  to  determine  the  saturation  intensity 
of  magnetization.  The  majority  of  methods  for  doing  this  (vide 
infra)  necessitate  the  use  of  very  small  specimens  and,  therefore, 
preclude  the  possibility  of  comparing  results  for  low  fields  with 
similar  results  obtained  with  a  standard  permeameter.  The 
solenoid  method  is  not  entirely  satisfactory  on  accotmt  of  the 
demagnetizing  factor  of  the  specimen. 

In  view  of  these  facts,  a  method  suitable  for  magnetic  measure- 
ments of  long  straight  bars  of  iron  or  steel  in  intense  fields  has 

been  developed. 

n.  HISTORICAL 

Early  experiments  to  ascertain  the  intensity  of  magnetization 
due  to  high  magnetizing  forces  were  made  principally  upon 
specimens  either  in  the  form  of  rings  or  toroids  '  or  with  a  long 

*  Scientific  Paper,  No.  117,  BaroMi  of  Standards.         '  Rowland.  FhiL,  Hag..  46  iSrj;  48^  1S74. 
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rod  in  a  solenoid.'    The  results  obtained  by  these  early  experi- 
menters have  since  been  found  not  to  be  very  accurate. 

In  1887  Ewing  and  Low^  developed  the  well-known  "isthmus 
method"  for  testing  the  permeability  of  ferromagnetic  nmterials 
under  the  influence  of  intense  fields.  A  strong  electromagnet 
was  used  because  in  the  air  space  between  the  pole  pieces  there 
can  be  produced  more  easily  a  magnetic  field  of  much  greater 
intensity  than  in  a  magnetizing  coil  where  the  field  is  due  to  the 
direct  action  of  the  electric  current.  The  specimen  was  in  the 
form  of  a  bobbin  or  isthmus  and  placed  between  the  conical 
pole  pieces  of  the  electromagnet  (Fig.  i).  The  magnetic  induc- 
tion in  the  isthmus  was  measured  by  means  of  a  small  test  coil 
wound  arotmd  it  and  connected  in  series  with  a  ballistic  gal- 
vanometer. Upon  9  u  d  - 
denly  rotating  the  speci- 
men through  1 80^  about  an 
axis  at  right  angles  to  the 
direction  of  the  magnetic 
flux,  the  throw  of  the  bal- 
listic galvanometer  (pre- 
viously calibrated),  indi- 
cated the  induction  in  the 
specimen.  To  permit  the 
rotation,  the  tips  of  the  pole  pieces  were  bored  through  trans- 
versely  by  a  circular  hole  abed. 

To  determine  the  value  of  the  magnetizing  force  (H) ,  a  second 
coil  stirrotmding  the  first  was  used.  The  difference  in  magnitude 
of  the  throws  of  the  galvanometer  caused  by  the  two  coils  respec- 
tively is  proportional  to  the  flux  through  the  air  space  between 
the  two  coils,  and  can  be  easily  calculated  when  the  difference  in 
the  area  ttuns  of  the  coils  is  known.  When  there  is  a  uniform 
magnetic  field  between  the  pole  pieces,  the  magnetic  flux  through 
the  space  included  by  the  two  coils  is  probably  only  a  very 
little  greater  than  the  mean  force  within  the  metal  itself,  hence 
may  be  taken  as  a  measure  of  the  latter. 

Du  Bois*  employed  an  optical  method  for  determining  the 
intensity  of  magnetization  of  iron  in  strong  fields,  having  first 
examined  the  material  in  the  weaker  fields  of  a  solenoid.  Similar 
experiments  were  also  carried  out  by  Roessler.* 

I  .  .  -  ...  ■  I     I     II  __  _■         ■_! 

•W«bcr;  t8ft4. 

*  Swing,  Magnetic  Induction  in  Iron  and  Other  Metals,  pp.  136-158. 
i  Du  Bois.  FhiL  Mag..  89.  p.  ass,  1890. 

•  Roessler.  Sldctrotech.  Zdt.,  14, 1899. 


FlO.  z. — Illustfating  the" isthmus**  as  used  by 
Ewing  and  Low 
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Du  Bois  and  Jones  ^  tested  spedtnens  between  the  conical  pole 
pieces  of  an  electromagnet  of  the  Du  Bds  type.  They  measuied 
ballistically  the  change  in  induction  upon  suddenly  withdrawing 
the  specimen,  which  formed  a  part  of  the  isthmus,  through  a 
hole  in  one  of  the  pole  pieces. 

Wdss*  employed  small  ellipsoids  of  revolution  and  placed 
them  symmetrically  between  the  flat  pole  pieces  of  an  electro- 
magnet of  great  power.  The  ellipsoid  was  suddenly  extracted 
from  the  field  through  a  hole  in  the 
axis  of  one  of  the  pole  pieces  while  the 
change  in  flux  was  measured  by  a  test 
coil  outside  the  iron. 
.  B.  O.  Peirce*  studied  the  magnetic 
properties,  particularly  the  reluctivity 
and  permeability,  of  some  specimens 
of  very  pure  Norway  iron.  He  used 
the  isthmus  method,  having  for  his 
apparatus  a  massive  yoke  weighing 
about  300  kg,  excited  by  a  current 
through  a  coil  of  2956  turns  wound  on 
spools,  as  shown  in  Figure  2.  The  speci- 
mens were  of  two  forms.  The  first  was 
a  cylinder  about  1.27  cm  in  diameter 
and  about  15  cm  long.  Its  ends  were 
tapered  to  fit  snugly  into  sockets  in  the 
conical  ends  of  the  pole  pieces.  The 
other  form  was  much  shorter,  the  exposed  portion  being  constricted 
to  a  smaller  diameter  than  the  remainder  of  the  specimen. 

Instead  of  reversing  the  specimen  in  the  magnetic  field,  as  did 
Ewing  and  Low,  Peirce  reversed  the  magnetic  field  by  reversing 
the  current  through  the  windings  of  the  electromagnet.  He 
found  that  this  worked  satisfactorily,  provided  he  used  a  ballistic 
galvanometer  whose  period  was  appreciably  greater  than  the  time 
lag  of  the  electromagnet.  He  employed  the  same  method  as 
Ewing  and  Low  for  determining  B  and  H,  the  latter  being  meas- 
ured by  connecting  two  coils  in  opposition,  so  that  the  throw  of 
the  galvanometer  was  proportional  to  the  flux  in  the  annular 
space  between  them. 

*  Da  Bois  and  Jones,  Slckt.  Zdt.,  17,  p.  543;  1896.    Blectridan,  87,  p.  $95;  1896. 

*  P.  WdBS.  Cwnptwi  Rcndua.  14(,  p.  1x55;  Z907* 

*  B.  O.  Pdfoe,  Am.  Acad.  AfU  and  Sd.,  Proc,  44.  p.  354;  1909*    Am.  Jour,  of  ScL,  t7,  p.  an,  2909; 
p.i.1909* 


FlO.  Q,— Showing  thgfcrm  of  th$ 
yok§  of  B,  O.  Psirce 
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In  some  of  his  subsequent  experiments  Peirce  ^®  used  a  large 
magnetizing  solenoid  to  supplement  his  observations  with  the 
modified  isthmus  method. 

Gumlich  ^^  employed  the  isthmus  method  for  determining  the 
intensity  of  magnetization  of  some  very  carefully  prepared  speci- 
mens of  iron.  He  used  an  electromagnet  of  the  Du  Bois  t3rpe  and 
suddenly  reversed  the  isthmus  (specimens  28  mm  long  and  3  mm 
diameter),  according  to  the  method  of  Ewing  and  Low.  Later, 
Gumlich  ^'  used  a  special  yoke  which  proved  satisfactory. 

Hadfield  and  Hopkinson,"  in  a  very  extensive  investigation  of 
the  magnetic  properties  of  iron  alloys,  tised  a  modified  isthmus 

method  somewhat  after  the  man* 
ner  of  Peirce,  but  used  very  much 
smaller  specimens. 

Further  developments  were 
made  by  Campbell  and  Dye,^^  the 
form  of  whose  electromagnet  is 
shown  in  Fig.  3.  The  specimens 
tested  were  either  in  the  form  of  a 
rod  7  cm  long  and  0.5  cm  in  diam- 
eter, or  an  equivalent  bundle  of 
strips  or  wires.  The  specimen 
was  fitted  into  thick,  soft  iron  disks 
E  and  F,  which  formed  the  pole 
pieces.  These  disks  did  not  touch 
the  magnet  poles  but  were  sepa- 
rated from  them  by  a  small  air  gap.  In  the  middle  portion  of 
the  test  specimen  was  a  coil  of  40  turns  of  wire  used  for  measur- 
ing B,  and  three  outer  successively  larger  coaxial  coils  of -400 
turns  each  used  differentially  to  determine  H.  By  using  alter- 
nately one  set  of  coils  and  then  the  other,  the  imiformity  of  the 
field  between  the  poles  of  the  electromagnet  could  be  tested. 

m.  APPAItATUS 

The  apparatus  used  in  the  present  investigation  consists  essen- 
tially of  an  electromagnet  of  the  Du  Bois  type  (Fig.  4)  with  flat 
pole  pieces,  separated  by  an  air  gap  of  approximately  2  cm  and 
pierced  coaxially  so  that  a  rod  6  mm  in  diameter  and  several 

• 

»  B.  O.  Pdrce,  Am.  Acad.  Arts  and  Sd..  Proc,  49,  p.  zx?;  19x3. 

11 B.  GamHdi,  BIdtt.  ZcH.,  M,  pp.  xo6s-^o67;  1909. 

IS  B.  Gumlicfa,  Axcfaiv.  fAr  Blektr..  S,  p.  46X;  t9Z3-X9X4. 

>*  Hadfidd  and  HopUnsoo.  Iiut  of  HIec.  "Bsblz,  Jottr.,  46,  p.  %^z;  zgrx. 

M  CkfflpbcQ  and  Dye  IniL  dt  Blec.  Bog.  Jour.,  M,  p.  35;  19x5* 


Fio.  3. — Illustrating  the  form  of  the  elec- 
tromagnet used  by  Campbell  and  Dye 
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centimeters  long  can  be  extended  through  them  and  the  electro- 
magnet. Surrounding  the  specimen  are  three  coaxial  coils  wotind 
on  brdss  forms  each  i  cm  long  and  having  external  diameters  of 
7  mm,  10.5  mm,  and  13.2  mm,  respectively.  Bach  coil  has  100 
turns  of  No.  40  (B.  &  S.  gage)  enameled  copper  wire.  To  insure 
insulation  from  the  brass  form,  the  latter  was  first  wrapped  with 
a  thin  sheet  of  paper,  and  to  secure  a  moisture-free  coating  of 
insulating  material,  the  whole  coil  after  winding  was  well  shel- 
lacked and  baked  in  an  oven  at  1 00^  C  for  several  hours.  To 
measure  the  number  of  area  turns  of  the  coils,  they  were  placed 
in  the  center  of  a  solenoid  and  the  throw  of  a  ballistic  galvano- 
meter upon  reversing  a  known  magnetizing  force  inside  the  solenoid 
was  com]>ared  with  the  throw  observed  when  the  current  was 
reversed  through  the  primary  coil  of  a  known  mutual  inductance. 
Fig.  5  is  a  (Uagram  of  the  circuits  and  connections.  A  Leeds 
and  Northrup,  type  R,  ballistic  galvanometer,  calibrated  with  the 
aid  of  a  mutual  inductance,  is  used.  There  are  employed  three 
sensitivities  of  the  galvanometer,  regulated  by  the  parallel  resist- 
ance Rp  and  the  series  resistances  R'hx  and  R'h^  for  low  values  of 
H,  as  measured  by  inner  and  outer  annuluses,  respectively,  R^t 
and  Rh2  for  high  values  of  H,  and  R\,  for  B,  making  necessary 
five  secondary  circuits  in  series  with  the  galvanometer.  R^  is 
adjusted  so  that  a  reversal  of  10  000  lines  of  induction  per  square 
centimeter  gives  a  throw  of  10  cm  of  the  galvanometer;  /?hi  and 
i?h2  so  that  a  reversal  of  a  magnetizing  force  of  1000  gausses  gives 
a  deflection  of  10  cm;  and  R^t  ^^cL  Rh%  so  that  a  reversal  of  200 
gausses  gives  a  throw  of  10  cm.  In  the  latter  case  it  is  also  nec- 
essary to  increase  the  magnitude  of  Rp. 

IV.  EXPERIMENTAL  METHOD 
1.  RORMAL  niDUCnON 

To  determine  the  value  of  the  magnetic  induction  B,  the  inner 
coil  is  connected  in  series  with  the  ballistic  galvanometer.  Upon 
suddenly  reversing  the  current  in  the  windings  of  the  electromag- 
net the  throw  of  the  ballistic  galvanometer  is  proportional  to  the 
induction  in  the  specimen.  To  measure  the  magnetizing  force  H, 
the  inner  and  middle  coils  are  connected  differentially,  so  that  the 
throw  of  the  galvanometer  is  proportional  to  the  flux  in  the 
annular  space  between  the  coils.  To  check  the  uniformity  of  the 
field,  the  middle  and  outer  coils  are  connected  in  a  similar  manner 
and  the  throw  again  observed.    Observations  obtained  by  the 


630 


Scientific  Papers  of  the  Bureau  of  Standards 


tiro  sets  of  coils  seldom  differ  by  tncwe  than  2  per  cent  and  in 
most  cases  check  much  more  closely. 

By  tneasuring  B  for  successively  increasing  values  of  H,  nonnal 
inductbn  curves  can  be  obtained. 


©r 


n^- 


Fio.  5. — Diagram  q/'  tltcirieal  eireuitt  and  eotnucliont 
2.  HYSTERESIS  VALUES 

The  part  of  the  whole  experinient  which  requires  the  greatest 
care  and  yields  the  least  accurate  results  has  to  do  with  the 
measurement  of  the  hysteresis  constants,  residual  induction  (Bt) 
and  the  coercive  force  (He). 


CAcfuy) 


Magnetic  Testing  in  Intense  Fields 


631 


Consider  the  hysteresis  loop  (Fig.  6)  and  suppose  the  induction 
is  at  the  tip  Bm  for  a  given  maxinium  magnetizing  force  Hm.  By 
reversing  the  current  in  the  windings  of  the  electromagnet^  B 
changes  from  Bm  to  -£»  and  H  changes  from  Hmto  -Hm. 
Now,  if  instead  of  reversing  the  current^  the  circuit  h  suddenly 
broken,  H  is  reduced  to  zero  and  B  changes  from  Bm  to  Br 
which  can  be  located  on  the  curve.     In  practice,  however,  the 


—  H 


Fig.  6. — Characierisiic  hysteresis  loop 

point  Br  is  not  quite  reached  on  account  of  the  small  residual 
field  in  the  electromagnet — but,  rather,  some  point  A .  This  point, 
however,  does  not  differ  very  greatly  from  the  true  value  of  the 
residual  induction,  particularly  in  the  case  of  hard  materials,  since 
the  curve  is  quite  flat  in  this  region. 

To  determine  the  coercive  force,  the  galvanometer  is  connected 
in  series  with  the  B  ooiL  Resistance  {R^  is  added  to  the  primary 
circuit  simultaneously  upon  reversal  of  the  current,  so  that  instead 
of  passing  from  Bm  to  —  Bm  the  induction  changes  from  Bm  to 
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zero,  and  the  magnetizmg  force  from  a  large  value  H^  to  a  small 
negative  value-  Ho.  Now,  on  suddenly  breaking  the  circuit,  H 
changes  from  H^  to  zero,  from  which  the  coetcive  force  may  be 
found,  although  it  is  difficult  to  determine  very  accmutely  owing 
to  the  small  order  of  magnitude  of  the  throw  of  the  galvanometer, 
which  is  hardly  sensitive  enough  for  such  small  values  as  occur  in 
the  case  of  soft  material.  The  galvanometer  throw  is  increased 
considerably  by  connecting  the  inner  and  outer  coils  together  in 
opposition  (thus  increasing  the  number  of  area  turns  in  the  annu- 
lus)  by  reducing  Rh  and  by  increasing  Rp.    Even  then  the  values  of 


0  W  909  §09  MO  XSO  m^ 

F^G.  7. — Showing  ihg  agrumeni  of  normal  induction  data  for  drill  rod  as  obiaimd  with 

regular  poU  piscss  and  with  ouxiUary  poU  pieces 

Ho  for  soft  materials  do  not  appear  to  be  reliable.    An  investiga- 
tion of  this  featture  is  being  continued. 

V.  EXPERIMENTAL  RESULTS 
1.  nORMAL  INDUCTIOH 

It  will  be  recalled  that  Campbell  and  Dye  "  used  a  short  rod, 
placed  in  auxiliary  pole  pieces  of  the  electromagnet.  To  com- 
pare the  results  obtained  by  their  method  with  those  obtained 
by  the  present  method,  two  auxiliary  pole  pieces  were  prepared 
and  introduced  as  in  Fig.  3.     After  testing  a  specimen  of  drill 

»I«oc.dt. 
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rod,  6  cm  long,  the  auxiliary  pole  pieces  were  removed  and  the 
air  gap  of  the  electromagnet  adjusted  so  that  2  cm  of  each  end 
of  the  specimen  projected  into  the  regular  pole  pieces.  The 
normal  induction  curve  was  again  observed.  No  difference 
could  be  found  in  the  case  of  the  two  sets  of  observations  as 
illustrated  in  Fig.  7. 

A  series  of  tests  were  made  upon  12  rods  6  mm  in  diameter 
and  35  cm  long.    Four  of  these,  Nos.  293-296,  were  of  Norway 


J9  m  Aiv  1^  ii'o 

Flo.  8. — Normal  induction  curv^for  Norway  iron 

iron,  four  (297-300)  were  of  Bessemer  steel,  while  four  (301-304) 
were  of  tool  steel. 

To  check  the  accuracy  of  the  results,  these  specimens  were 
tested  both  in  the  Burrows  permeameter  and  in  the  apparatus 
herein  described.  Figs.  8,  9,  and  10  show  typical  B-H  curves 
obtained  in  this  manner.  An  inspection  of  these  etudes  reveals 
the  unusually  good  agreement  between  the  results  obtained  by 
the  two  types  of  apparatus.  It  is  assumed,  therefore,  that  the 
higher  values  of  the  induction,  which  can  not  be  measured  in  the 
Burrows  apparatus,  are  correct. 

Fig.  II  shows  the  curves  for  normal  induction  and  permea- 
bility for  a  specimen  of  unusually  hard  magnet  steel  known  as 
"  K  S ''  magnet  steel  and  prepared  by  Prof.  Honda. 
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2.  SBLUCI'IVITX  AMD  INTBIISITT  Of  MAOSBTIZATIOir 

The  reluctivity  (p)  is  defined  by  the  relationship 

H    I 

The  magnetic  induction  (B)  increases  indefinitely  as  the  mag- 
netizing force  (H)  is  increased,  but  it  is  found  that  if  //  be  sub- 
tracted from  the  value  of  B,  B-H  reaches  a  finite  saturation 
value  in  intense  fields.  B-H  may  be  considered  as  the  induction 
carried  by  the  molecules  of  the  iron  after  allowance  is  made  for 

B 


so  I9#  ffO  t§$  Ai9 

Fio.  9. — Normal  induction  curve  for  Bessemer  steel 

the  flux  in  the  space  occupied  by  the  material  but  independent  of 
it.     RepladLag  B  by  B-H, 

H 

and  is  called  the  "metallic  reluctivity."    Kennelly"  has  shown 

that  po  plotted  against  H  as  the  independent   variable  gives  a 

straight  line  (except  near  the  origin)  whose  equation  may  be 

written  as 

Po'^a+bH 
From  the  usual  equation 


M  KenneUy.  A.  I.  B.  B^  Pioc,  8,  p.  4S5;  189s. 
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the  intensity  of  magnetization  may  be  written 


/- 


4* 


and  can  be  easily  calculated  for  successively  higher  values  of  H. 
The  reciprocal  of  the  susceptibility  (k)  is  given  by 


I     H     4xH 
k"  I^B-H 


-.4XP0 


Therefore,  if  t-  be  plotted  against  H  as  the  independent  variable, 
the  curves  obtained  will  be  precisely  of  the  same  shape  as  the 


B 


fS^p^ 

- — * 

-.-*-ts^ 

• 
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Fio.  zo. — Normal  induction  curve  for  tool  steil 


«?// 


Po-if  curves  and  such  graphs  are  shown  for  five  different  mate- 
rials in  Fig.  12,  the  ordinates  representing  the  reciprocal  of  the 
susceptibility,  and  the  abscissae  the  field  strength. 

Now,  by  calculating  the  reciprocal  of  the  slope  of  these  graphs, 
the  value  for  the  piaximum  value  of  the  intensity  of  magnetiza- 
tion is  determined.  This  has  been  done  for  a  number  of  speci- 
mens and  the  results  are  incorporated  in  Table  i  together  with 
observed  values  for  H  =  2000. 
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Fio.  II. — Normal  induction  and  permeability  for  curves  for  "KS"  magnet  steel 


Fig.  la. — Showing  the  reciprocal  of  the  susceptibility  plotted  against  the  magnetising  force 
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TABLE  1 


M«. 


293. 
2M. 
295. 


297. 


299. 

300. 


MatMlal 


JVoiwiy  won. 

do 

.....d*. 

do 


.d«.. 


fcalcii- 


1747 
1701 
1679 
1729 
1695 
1672 
1667 
169S 


Ifor 


1725 
1686 
1672 
1723 
1665 
1672 
1652 
1665 


No. 


301 

302 

An#«  •  «  •  ■  < 

304 


Matoflal 


Toolitool. 
do.... 

•  •  a  .  .00.  ... 

do.... 


!•••■•••«• 


K  8  mafiioC  wttitL 


IMIIrod. 


[odcu- 


1579 
1564 
1545 
1564 
1613 
1795 
1334 
1534 


Ifor 


1490 
1525 
1515 

1530 

* 

1412 
1465 


In  the  case  of  the  K  S  magnet  steel  and  drill  rod,  the  slope  of 

the  i- curve  changes,  thus  giving  two  values  for  /mw.     In  the 

case  of  the  former  this  change  occurs  in  the  neighborhood  of 
//«i5oo,  while  for  the  latter  it  occurs  near  //  =  6oo.  B.  O. 
Peirce  ^^  has  pointed  out  that  the  value  of  /max  obtained  from 
the  lower  portion  of  the  curve  is  less  than  the  saturation  value, 
while  /max  calculated  from  the  upper  portion  of  the  curve 
where  the  slope  is  different  is  somewhat  larger  than  the  saturation 
value.  As  pointed  out  by  Steinmetz  ^'  this  change  in  slope  is 
indicative  of  the  presence  of  two  constituents  of  differing  degrees 
of  hardness,  which  reach  the  maximum  intensity  of  magnetization 
for  different  values  of  H. 

VI.  SUMMARY 

1 .  A  resume  of  previous  methods  of  measuring  high  inductions 
is  given. 

2.  A  new  modification  of  the  isthmus  method  which  is  adapted 
to  the  testing  of  long  straight  specimens  is  described. 

3.  Data  are  given  to  illustrate  the  accuracy  of  the  method  as 
compared  with  standard  methods. 

4.  Normal  induction,  intensity  of  magnetization,  and  reluc- 
tivity data  are  discussed  for  various  materials. 

The  writer  is  indebted  to  R.  L.  Sanford  and  Dr.  C.  Nusbaum 
for  valuable  suggestions  throughout  the  course  of  the  experiments. 

Washington,  August  29,  1919. 


*i  B.  O.  Peiroe,  Am.  Aad.  Aitsaiid  ScL.  Pioc,4t,  pp.  117-146:  tyis. 
H  iSTrinmrti,  Gen.  Bkc  Rev..  Ml»  p.  135;  X9X7* 
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I.  IHTRODUCTORY  STATEMENT 

The  object  of  this  paper  is  to  give  some  new  data  on  the  distri- 
bution of  energy  in  the  infra-red  spectrtun  of  a  cylindrical  acety- 
lene flame,  and  to  revise  some  of  the  previously  published  spectx^- 
energy  data/  pertaining  to  the  violet  end  of  the  visible  spectrum^ 

which  are  superseded  by  the  present  data. 

The  data  previously  published '  seem  to  be  the  first  attempt 
that  has  yet  been  made  to  supply  the  demand  for  quantitative 
|-adiometric  xneasurements  o[  q>6ctral-enei:gy  distribution.  Such 
data  are  of  value  in  investigations  involving  spectrophotometry, 
color-matching,  etc.  However,  for  a  source  like  the  acetylene 
flame,  which  is  weak  in  intensity  in  the  violet,  it  is  quite  impossible 
to  attain  high  accuracy  in  the  radiation  measurements.  Never- 
theless, in  response  to  requests  therefor  the  data  were  published, 
the  papers  indicating  clearly  the  accmracy  attainable  and  the 
variability  *  of  the  emissivity  with  thickness  of  the  acetylene  flame. 

The  acetylene  flame  does  not  appear  to  be  a  suitable  standard 
of  spectral  radiation,  in  which  high  accuracy  is  desired.  As 
indicated  some  time  ago,^  the  proper  procedure  is  to  refer  all 
spectral-energy  specifications  to  a  black  body  at  a  given  temper- 
ature, the  spectral-energy  curve  of  which  can  be  computed  with 
greater  accuracy  than  it  can  be  observed  in  the  violet  end  of  the 
spectrum.  In  recent  years  great  advances  have  been  made  in 
the  construction  of  black  bodies;   in  the  establishment  of  a  high 

>  B.  S.  Bixnetin,  18,  p.  355;  19x6.  *  B.  S.  BaUetin,  IB,  p.  357;  X9x6. 

*  B.  S.  Bulletin.  7  p.  253.  X9xx;  IS,  p.  355,  29x6.  *  B.  S.  BuUetio.  ft,  p.  349;  1909. 
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temperature  scale;  in  the  determination  of  the  radiation  con- 
stants; and  in  the  specification  of  the  temperatture  of  sources  of 
high  intensity  (for  example,  the  gas-filled  tungsten  lamp) »  in 
terms  of  the  color  temperature  of  a  black  body.  Hence,  it  seems 
opportune  to  advocate  the  specification  of  sp^rtral  energy,  colori- 
metric  and  other  similar  specifications  in  terms  of  a  black  body 
at  a  given  temperature,  the  spectral-energy  curve  of  which  can 
be  computed  and  checked  radiometrically.  In  this  manner 
experimenters  will  be  using  a  ^uniform  scale  of  spectral-energy 
distribution,  whatever  the  actual  energy  distribution  may  be  in 
the  spectrum. 

As  will  be  discussed  ipiore  fully  on  a  subsequent  page,  until 
recently,  when  radiometric  measurements  were  supplied  to 
Priest,*  there  has  been  no  real  test  of  the  accuracy  of  the  radio- 
metric measurements  or  of  color  matching  in  terms  of  theses  meas- 
urements. The  energy  curve  for  acetylene  as  obtained  by  color 
matching  is  high  in  the  violet,  but  from  0.5M  to  0.7511  'ths  two 
curves  are  in  excellent  agreement.  This  test  indicated  tiie  possi* 
bility  of  the  aoetylene^eoecfy  data  being  too  high  in  the  violet, 
as  previously  surmised.' 

Recently  Hyde'  and  his  collaborators,  in  an  interlaboratory 
comparison,  by  color  matching  a  tungsten  lamp  against  the  acety- 
lene flame,  placed  the  color  temperature  of  the  Eastman  Kodak 
standard  birrner  at  2360**  Ti.  From  this  test,  also,  it  appears  that 
the  directly  observed  radioinetric  measurements  may  be  too  high 
in  the  region  of  0.4/1  to  0.4811.  However,  as  win  be  shown  below, 
in  the  spectral  r^ion  from  0.5M  to  0.75M  the  observed  data  are  in 
excellent  agreement  with  those  computed  on  the  ba»s  of  color 
temperature. 

n.    OPTICAL  VSLOPERTOS  OV  THB  ACBTTLBNE  IIAMB 

As  a  result  of  the  combustion  of  acetylene  gas  the  emission 
spectrum  of  the  acetylene  flame  is  a  composite  of  the  radiation 
(i)  from  incandescent  carbon  particles,  (2)  from  water  vapor  and 
(3)  from  carbon  dioxide.  The  heated  carbon  dioxide  gives  bands 
of  selective  etnissicHQ  at  2.7M  and  4.4^.  The  water  vapor  gives  a 
somewhat  continuous  spectrum  at  im  to  6/i  with  bands  of  selective 
emission  in  the  region  of  1.4/1  and  1.85^.    This  is  well  illustrated 

•  Priest.  Phy.  Rev.  (a),  10,  p.  m8;  19x7.    (See  Tig.  3.) 
*B.  S.  Bunetin.  IS.  p.  359;  X9>6. 
^yde.  Poctythe  and  Cady.  Fhyt.  Rev.,  (<)  It,  p.  157;  1919. 
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in  the  emissioii  spectrum  of  a  bunsen  acetylene  flame  published 
by  Stewart.' 

The  emission  spectrum  of  the  incandescent  carbon  particles  is 
supposed  to  be  smooth  and  continuous  (free  from  indentations  or 
protuberances),  with  a  maximum  of  emission  at  about  I.  28m  to  i-3M- 

Observations  of  a  flat  flame,  viewed  flatwise,  F,  and  edgewise,* 
E,  also  on  a  cylindrical  flame,  C,  Fig.  i,  do  not  show  a  marked 
difference  in  the  position  of  the  emission  mayimntn.  These  data 
were  obtained  six  years  ^®  ago  but  not  published.    The  slope  at 
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Fig.  z. — Spectral  energy  distribution  of  acetylene  fiamt:  C— cylindrical  fiame;  also 

flat  flame  viewed  flatwise,  F,  and  edgewise,  E, 

0.5M  to  o.8ii  of  the  spectral-energy  curve  of  the  cylindrical  flame 
is  much  steeper  than  that  of  the  flat  flame,  indicating  a  much 
lower  Uack  body  color  temperature,  as  observed  experimentally. 
With  the  assistance  of  H.  Kahler,  recently  an  examinationi  was 
made  of  the  emission  of  the  Bray  tip  (Eastman  Kodak  Co  .burner). 
The  emission  maximum  was  not  quite  smoothi  owii^  to  atmos- 
pheric absorption  which  produced  a  depression  at  i. 411  in  the 
spectral-energy  curve.  However,  the  maximum  appears  to  be 
at  1 .28/1  to  1 .30/1,  corresponding  to  a  black  (gray)  body  tempera- 
ture of  2225  to  2250®  K. 

*  Stewart,  Fhy*.  Rcr.,  IS,  p.  aja\  X90Z. 

*  B.  S.  BttlkUn,  7,  i>.  a^;  19x1. 

I*  B.  S*BllIktiii.  9,  p.  98;  t9S9,  give*  data  on  the  cmiaaivity  of  different  parts  ol  the  flame. 
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Angstr&m  ^^  found  that  thin  layers  of  soot,  at  xoom  tenq)em- 
tures,  decrease  rapidly  in  absorption,  from  the  visible  to  the  infra- 
red, thus  behaving  like  a  turbid  medium.  However,  incandescent 
carbon  particles  appear  to  have  a  maximum  absorption  in  the 
visible  spectrum.^'  Although  the  discovery  of  an  absorption 
band  may  appear  novel,  the  writer  was  recently  informed  by  Dr. 
Angstrom  that  some  years  ago  this  phenomenon  was  observed 
also  in  his  laboratory. 

Beyond  i/a  the  absorptivity  of  the  flame  is  fau'ly  constant. 
While  no  great  reliance  can  be  placed  upon  the  absolute  value  of 
the  absorptivity  measurements  of  a  cylindrical  flame  which  is  only 
3  mm  in  diameter,  recently  measurements  were  made  of  the  ab- 
sorptivity of  the  cylindrical  flame  used  in  the  visibility  work.  For 
wave  lengths  o.88m  and  1.2/1  the  absorptivity  was  found  to  be 
practically  the  same,  within  the  errors  of  observation,  the  value 
being  about  2.2  per  cent.  This  is  not  much  greater  than  that  of 
a  flat  flame,  and  it  is  probably  to  be  expected  in  view  of  the  fact 
that  only  the  outer  layer  of  gas  of  the  (cylindrical)  flame  is  incan- 
descent. 

From  the  constancy  of  the  absorptivity  data  it  appears  that, 
within  the  limits  of  errors  of  observation,  in  the  region  of  the  spec- 
trum from  i/A  to  1.5/A  the  emission  spectrum  of  the  sicetylene 
flame  may  be  taken  the  same  as  that  of  a  gray  body.  From  the 
black  body  radiation  constant,  X|hT"2890,  and  the  observed 
emission  maximum  of  \i^^  1.2511  (to  1.3^)  the  black  body  tem- 
perature is  about  2300^  K  (to  2220^  K). 

This  is  somewhat  lower  than  the  observed  black  body  color 
temperature  for  the  visible  spectrum,  but  it  is  to  be  expected  from 
consideration  of  the  absorptivity  data.  For,  as  we  extend  our 
observations  toward  the  violet  end  of  the  spectrum,  the  absorp- 
tivity and  hence  the  emissivity  becomes  higher  and  higher,  and 
the  slope  is  that  of  a  black  body  at  a  higher  tempemture  than 
obtains  for  the  infra-red  energy  curve  at  i  .3^. 

If  we  multiply  the  spectral-energy  curve  of  a  black  body  at 
2300®  K  by  the  observed  absorptivities,  the  resulting  spectral- 
energy  curve  has  a  slight  maximimi  at  0.65/A,  and  the  slope  of  the 
curve  in  the  visible  spectrum  indicates  a  temperature  higher 
than  2300®  K,  though  not  in  exact  agreement  with  the  energy 
curve  for  the  observed  color  temperatmre  of  2360®  K. 

»  Angstrom,  Ann.  der  Phys.,  M,  p.  715;  1889. 

»  B.  S  BuUetSn,  7,  p.  a66;  19x1.    (See  FSg.  9^  P»  10.) 
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The  direct  radiometric  observations  do  not  show  a  distinct 
emission  maximum  in  the  visible  spectrum,  though  spectrophoto- 
metric  data  are  at  hand  ^'  showing  the  possibility  of  such  a  con- 
dition. From  the  data  at  hand  on  emission  and  absorption  it 
would  appear  that  one  should  not  expect  to  obtain  a  smooth  spec- 
tral-energy curve  in  the  visible  spectrum  of  the  acetylene  flame, 
which  can  be  superposed  exactly  upon  the  spectral-energy  curve  of 
a  black  body  at  a  temperature  corresponding  with  the  color  of  the 
flame.  The  observed  spectral-energy  data  of  the  acetylene  flame 
given  in  Table  i  may,  therefore,  perhaps  be  nearer  to  the  true 
curve  than  are  the  computed  data.  The  observed  spectral- 
energy  curve  of  the  gas-filled  tungsten  lamp  on  normal  operation 
is  practically  a  straight  line  from  0.5/1  to  0.7/A,  though  the  corre- 
sponding energy  distribution  for  a  black  body  color  temperature 
shows  some  curvature. 

TABL£  1. — Spectral  Bnergy  Bistribudon  of  a  Cylindrical  Acetylene  Flame;  Ob 
served  and  Compated  Using  Wlen's  ^.^  Ca»'14350  and  r»2360^  K. 
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in.  REVISION  OF  DATA  PREVIOUSLY  PUBLISHED 

The  numerical  data,  previously  published,"  on  spectral-energy 
distribution  of  the  acetylene  flame,  were  based  upon  observations 
extending  from  0.45/i  to  0.75M  made  with  a  mirror  spectrometer 
and  fluorite  prism;  also  with  a  glass-lens  spectrometer  and  flint- 
glass  prism. 

>*Nichob  and  Merritt.  Fhys.  Rev.,  80,  p.  338;  19x0.    See  also  B.  S.  Bulletin,  7,  p.  368  (Fig.  8),  i9zz»  for 
ntios  of  emlssivities  which  indicate  such  a  maximum. 
MB. S.  BnUetiii,  7,  p.  953,  Z9zz;  IS.  p.  355, 1916. 
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Hoping  to  overcome  the  difficulties  in  correcting  for  absorp- 
tion, a  spectrometer  consisting  of  a  quartz  prism  and  two  plano- 
convex quartz  lenses  was  used  in  obtaining  the  spectral  energy 
in  the  violet  from  0.4/*  to  0.5/*. 

In  one  of  the  previous  papers  ^  an  estimate  is  given  of  the 
accuracy  attainable  in  making  the  observations.  It  is  based  upon 
the  deviations  of  the  observations  from  the  mean  value,  and  it  is 
shown  that,  whereas  in  the  red  end  of  the  spectnmi  an  acctu-acy 
of  0.5  per  cent  is  attainable  (provided  the  flame  stays  constant), 
an  accuracy  of  10  per  cent  is  hardly  attainable  in  the  violet  where 
the  intensity  is  low.  Unfortunately,  no  mention  is  made  of  the 
diffictdties  and  uncertainties  in  reducing  these  observed  data  from 
the  prismatic  into  the  normal  spectrum.  The  slit-width  factor  is 
probably  accurate  to  i  per  cent.  The  greatest  imcertainty  is  the 
correction  for  spectral  pinity,  also  for  absorption  in  the  glaiss 
prism,  or  the  silver  mirrors,  or  both,  in  the  violet  end  of  the  spec- 
trum. Corrections  ^*  must  be  made  also  for  diffuse  light.  Further- 
more, when  using  the  quartz  spectrometer,  the  lenses  not  bong 
achromatic,  a  correction  was  made  for  change  in  aperture  with 
change  in  focal  length  for  different  parts  of  the  spectrum.  A 
recent  examination  of  the  original  computations  shows  that  the 
published  data  have  probably  been  overoOTrected  (by  5  to  10  per 
cent  in  the  violet)  for  change  in  aperture,  so  the  utility  of  a  chro- 
matically tmcorrected  instnunent  for  making  radiometric  meas- 
urements is  questioned.  For  example,  suppose  that  we  have  two 
spectral  lines  of  widely  different  wave  lengths  (say  red  and  Uue) 
but  of  equal  energy  value  as  measured  with  achromatic  appa- 
ratus. Using  the  simple  quartz  lens  system,  suppose  that  a  red 
spectral  line  10  mm  high  and  0.5  mm  wide — ^that  is,  an  image  of 
a  spectrometer  slit — ^faUs  upon  a  thermopile  receiver.  It  repre- 
sents a  certain  amount  of  energy.  Increasing  the  aperttne  of  the 
objective  telescope  by  decreasing  the  focal  length  (to  meastue  the 
blue  line)  increases  the  energy  flux  per  miit  area — that  is,  energy 
density — ^but,  the  aperture  of  the  coUimating  lens  being  un- 
changed, the  total  energy  falling  upon  the  thermopile  remains  the 
same  as  before. 

The  problem  is  not  quite  so  simple  as  this  in  practice,  seeing 
that  we  are  dealing  with  a  continuous  spectrum.  Moreover,  in 
view  of  possible  errors  owing  to  the  mechanical  difficulties  involved 


"  B.  S.  Bulletin,  7,  p.  asa;  19x6. 

^  B.  S.  Bulktin,  14.  p.  aa9, 19x7,  gives  diffuse  lii^t  tests  of  the  acetyteae  flame  as  used  in  the  visibility 

work. 
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in  tising  a  nonachromatic  spectrometer,  the  revised  data,  ob- 
tained with  the  quartz  lens  spectrometer  at  0.4M  to  0.45M  can  not 
be  given  full  weight.  The  revised  data  are  given  in  Table  i. 
They  represent  a  careful  reading  of  the  values,  after  redrawing 
the  curve  through  the  original  spectral  energy  data  a  copy  of 
which  is  given  in  Fig.  3  of  the  preceding  paper  on  this  subject. 
In  many  cases  the  differences  between  the  old  and  the  new  read- 
ings are  caused  by  lack  of  exactness  in  making  up  the  previous 
table.  For  wave  lengths  less  than  0.5/1  the  present  data  were 
obtained  from  measurements  with  a  flint-glass  prism  and  lens 
spectrometer;  also  from  a  recalculation  of  the  original  data  ob- 
tained with  the  quartz-lens  spectrometer,  no  correction  being 
made  for  change  in  aperture.  The  uncertainty  in  the  spectral 
purity  factor  at  0.4/A  to  0.45M  amounts  to  several  per  cent.  But, 
from  0.46^  (where  the  difference  between  the  observed  and  com- 
puted curves  amounts  to  only  about  5  per  cent)  to  0.75^,  these 
two  curves  can  be  considered  in  exact  agreement.  At  o.4iDi  the 
observed  data  may  be  somewhat  too  high,  owing  to  diffuse  light. 
However,  it  will  require  more  than  a  color-match  test  as  compared 
with  a  radiometric  match  to  show  that  the  observed  data  at  0.4/4 
are  entirely  incorrect.  Sometime  ago  it  was  shown  ^  that,  in  two 
widely  different  sources  of  radiation  (for  example,  a  tungsten 
lamp  and  a  Nemst  glower)  which  are  set  to  a  color-match,  the 
two  spectral-energy  curves  intersect  at  an  extremely  small  angle, 
thus  giving  the  appearance  of  exact  coincidence  throughout  that 
part  of  the  spectrum  to  which  the  eye  is  the  most  sensitive.  The 
measurements  being  comparative  tht  various  correction  factors 
apply  to  both  sources,  and  a  higher  acctuacy  is  possible  than 
can  be  obtained  in  determining  absolute  intensities. 

Calculations  made  at  the  time  the  data  were  obtained  six  years 
ago,  indicated  that,  for  the  region  of  0.45/1  to  0.75/i  the  spectral- 
energy  distribution  of  the  acetylene  flame  was  that  of  a  black 
body  at  about  2100^  C  (2370®  K)  though,  at  the  time,  no  sig- 
nificance was  attached  to  it. 

Recently,  from  an  interlaboratory  color-match  comparison  of  a 
tungsten  lamp  with  the  acetylene  flames  used  in  this  laboratory 
and  in  the  Eastman  Kodak  Laboratory,  Hyde  ^"  obtained  a  color 
temperature  of  2360**  K  for  the  Eastman  Kodak  type  of  lamp. 
He  obtained  a  somewhat  higher  temperature  for  the  bmner  used 

>'  B.  S.  Bulletin.  7.  p.  agt  (Fig.  ts\  X910. 

^  Hyde,  Ponythe  and  Cady,  Phys.  Rev.  (a),  IS,  p.  157;  19x9. 


646  Scientific  Papers  of  the  Bureau  of  Standards  [Vcl  is 

by  the  writer.  However^  this  was  for  a  slit  10  cm  in  height 
instead  of  an  8  cm  slit  which  was  used  in  the  spectral-energy 
measurements  for  the  visibility  data.  In  view  of  the  fact  that, 
within  experimental  errors  of  observation,  the  two  types  of  burn- 
ers had  the  same  spectral-energy  curves,  their  black  body  color 
temperatures  may  be  taken  at  2360^  K. 

In  Table  i ,  column  2  gives  the  spectral-energy  data  previously 
published,  and  coltunn  3  gives  the  revised  data.  Column  4  gives 
the  spectral-energy  distribution  of  a  black  body  at  2360°  K, 
kindly  computed  by  H.  Kahler  and  carefully  superposed  upon  the 
observed  data,  using  a  scale  which  was  sufficiently  large  to  elimi- 
nate errors  (estimated  to  be  0.5  per  cent)  in  drawing  tlie  curves 
and  reading  off  the  data.  Column  5  gives  the  ratios  of  the  revised 
acetylene  energy  data  to  the  computed  data  for  2360^  K.  If  the 
two  curves  coincided  exactly,  these  ratios  would  be  100.  As 
shown  in  the  table,  between  0.48/x  and  0.75/i  the  departure  from 
exact  coincidence  is  only  from  ±  i  to  2  per  cent,  which  is  within 
the  experimental  errors  involved  in  observing  the  data  and 
reducing  them  to  a  normal  spectrum.  But  considering  the  data 
previously  published,  given  in  column  2  of  Table  i ,  the  greatest 
departure  from  coincidence  of  the  observed  and  the  computed 
ctu-ves  in  tlie  spectral  region  of  0.5/*  to  0.75M  is  only  from  ±  2  to 
±  4  per  cent,  instead  of  8  per  cent  as  stated  by  Hyde. 

The  color  temperature  data  of  Hyde,  therefore,  confirm  the 
radiometric  measurements  in  the  region  of  0.48^  to  0.75/i.  This 
is  the  region  in  which  the  radiometric  measurements  are  of  impor- 
tance in  the  writer's  work  on  the  visibility  of  radiation,  and  in 
which  it  was  possible  to  make  precise  radiometric  meastuements. 

Although  the  writer  doubts  the  reliability  of  the  color-match 
test  in  the  extreme  violet  of  the  spectrum,  where  the  eye  is  very 
insensitive  and  subject  to  great  decrease  in  sensitivity  with  age, 
he  concurs  in  the  recommendation  made  by  Hyde  that  the  spec- 
tral-energy distribution  of  the  acetylene  flame  (using  a  certain 
type  of  burner)  in  the  visible  spectnun  is  satisfactorily  repre- 
sented by  the  black  body  curve  at  2360°  K,  as  given  in  Table  i . 
A  difference  of  10°  or  even  50°  K  is  hardly  to  be  considered  in 
view  of  the  great  divergence  in  btuners,  the  effect  of  htunidity, 
etc.  Moreover,  the  color  temperature  varies  greatly  for  different 
parts  of  the  flame  ^' — for  example,  2368°  K  for  the  whole  flame 

and  2448®  K  for  one  spot. 

' '     ■ "  ~      ..—11.  , 

>*  Hyde,  Jour.  Prankttii  Institute.  188,  p.  354:  19x7. 
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IV.  EFFECT  OF  THIS  BEVISION  UPON  PREVIOUS 

INVESTIGATIONS 

As  already  stated,  in  order  to  test  the  accuracy  of  his  new 
method  of  color  matching,  Priest  ^  compared  the  writer's  radio- 
metrically  determined  spectral-energy  curve  of  a  500-watt  gas- 
filled  tungsten  lamp  with  that  of  the  acetylene  flame  as  modified 
by  the  quartz-nicol  system  used  in  making  the  color  match.  The 
curve  for  the  acetylene  flame  is  too  high  in  the  violet ;  but  from 
0.5/*  to  o*75M  the  two  spectral-energy  curves  are  in  exact  coin- 
cidence. Using  the  revised  spectral-energy  data  of  Table  i, 
brings  them  into  a  close  agreement  also  in  the  region  of  0.45A1  to 
0.48/1. 

Some  doubt  has  been  expressed  as  to  the  accuracy  of  measuring 
the  energy  at  the  observing  slit,  in  visibility  work,  instead  of 
computing  it  from  the  color  temperature  of  the  source.  In  the 
latter  case  it  is  necessary  to  reduce  the  data-  to  the  prismatic 
distribution  for  the  particular  apparatus  used;  and  there  is  no 
check  on  the  actual  energy  distribution  at  the  slit. 

On  the  other  hand,  to  measure  the  prismatic  spectral  energy 
distribution  at  the  observing  slit,  reduce  it  to  a  normal  spectrum, 
compute  the  temperature  of  the  source  end  find  it  in  agreement 
with  the  directly  observed  color  temperature,  as  has  just  been 
found,  constitutes  a  real  test  of  the  accuracy  attained  in  the 
energy  evaluation.  It  would  be  more  logical  to  doubt  the  com- 
puted spectral  energy  distribution  which  has  not  been  checked 
by  direct  radiometric  observations. 

As  already  stated,  instead  of  a  disagreement  between  the  color 
temperature  test  and  the  spectral  radiation  measurements,  the 
independent  check  by  Hyde  and  his  collaborators  confirms  the 
direct  radiometric  observations  on  the  spectral-energy  distribu- 
tion of  the  acetylene  flame,  in  the  region  of  0.48^  to  0.75M,  as  used 
in  the  visibility  of  radiation  work,  and  leaves  the  visibility  data  *^ 
tmchanged  in  this  part  of  the  spectrum.  If  any  correction  is  to 
be  made  it  falls  at  o.6o/i  to  0.67/4  (see  Table  i),  being  a  decrease 
of  0.5  to  I  per  cent  ia  the  visibility  data. 

As  for  the  visibility  data  in  the  violet,  they  were  obtamed 
separately  from  the  main  part  of  the  curve  (from  0.5/*  to  0.7/i) 
using  a  much  lower  field  illumination,  which  may  account  for  the 
higher  values  as  compared  with  other  experimenters.  In  view  of 
the  great  variability  of  visibility  in  the  violet,  especially  with  age, 

»  Priest,  Phys.  Rev.  (2)  IQ,  p.  208;  1917.    (S«e  F8f .  3.) 
*i  B.S.  Btilletin,  14,  p.  268;  19x7. 
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one  can  hardly  establish  an  **  average  visibility  curve  "  and  hence 
no  attempt  is  made  to  revise  the  data  (in  the  violet)  previously 
published.  If  the  data  on  125  observers  previously  published 
serve  no  other  purpose,  they  are  useful  in  demonstrating  the  extra- 
ordinary varability  in  sensibility  of  the  eye,**  and  hence  the 
futility  of  attempting  to  establish  an  ''  average  eye  without  arbi- 
trarily choosing  the  observers." 

In  a  recent  paper  Ives ''  expresses  the  opinion  that,  in  the 
writer's  visibility  work,  the  field  brightness  should  have  been 
somewhat  higher  (200  m.  c.) ,  in  order  to  meet  the  requirements  in 
photometry;  and  that,  as  a  consequence  of  this  low  illumination, 
the  visibility  curve  is  shifted  too  far  toward  the  red.  It  is  there- 
fore relevant  to  say,  in  reply  to  this  criticism,  that  a  fidd  bright- 
ness of  50  m.  c.  was  used  on  the  sectored  disk,  because  it  permitted 
observing  over  a  wide  range  of  the  spectrum,  and  because  the 
visibility  curve  for  this  illtmiination  was  found  in  agreement  ^ 
with  that  obtained  for  an  illumination  of  350  td  780  m.  c,  as  was 
previously  observed  by  Nutting  and  others.  At  the  time  the 
visibility  work  was  tmdertaken,  Ives  **  specified  an  illtmiination 
of  25  m.  c.  on  the  disk,  for  flicker  photometry,  but  no  specifica- 
tions were  given  for  obtaining  the  viability  ctuve.  His  visi- 
bility ^  curves  for  68  m.  c.  and  270  m.  c.  illumination  on  the  disk 
appeared  to  be  sufiidently  close  in  agneement  to  conclude  that 
the  lower  illumination  was  satisfactory,  as  was  proved  by  the 
subsequent  experiments  just  cited.  However,  it  is  conceivable 
that  the  average  visibility  ctffve  of  a  large  group  of  observers, 
whose  eyes  have  not  been  subjected  to  years  of  hard  usage,  would 
be  different  for  these  same  illuminations. 

In  the  paper  on  visbiUty  (loc.  dt.)  attention  was  called  to  the 
great  mmiber  of  red-sensitive  subjects,  whose  observations  shift 
the  average  visibility  curve  toward  the  red  to  a  greater  extent 
than  would  obtain  if  a  smaller  number  of  red-sensitive  subjects 
had  been  used.  The  alleged  shift  of  the  visibility  curve  toward 
the  red  is  no  doubt  owing  in  part  to  the  relatively  large  ntunber  of 
red-sensitive  subjects  and  the  relatively  low  number  of  green- 
sensitive  subjects  found  in  the  125  persons  tested  by  the  writer,'^ 

rather  than  attributing  it  entirely  to  a  low  field  illumination.    On 

-  -       -       -  -  ■  .  -     ■  ■ 

»  B.  S.  Bulletin.  14,  p.  306;  19x7.    (See  the  composite  curve.  Pig.  xj.) 

**  Ives,  Jour.  Fnuiklin  Inst..  188,  p.  997;  19x9. 

M  See  Fig.  a.  B.  S.  Bulletin,  14,  p.  178;  19x7. 

*  Ives.  Trans.  Illixm.  Bug.  Soc,  10,  p.  3x7;  X9X5. 

» Ives,  Phil.  Mag.  (6),  84,  pp.  X49.  3Sa.  744.  845,  853*.  X9ia. 

*f  See  Table  3,  B.  S.  Bnlletin.  14,  p.  aos;  19x7. 
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the  other  hand  in  the  group  of  2 1  observers  examined  by  Nutting,^* 
there  were  as  many  green-sensitive  as  average  subjects  (4  of  each 
group,  see  Table  3  ]oc«  cit.)>  and  there  was  one  unusually  blue- 
sensitive  subject.  These  five  subjects  constitute  almost  one-fourth 
of  the  total  number  examined,  and  their  observations  tend  to  sup- 
press the  avers^ge  visibility  curve  in  the  red.  The  average  visibility 
curve  of  Nutting,  which  happens  to  meet  Ives's  requirements,  is 
not  shifted  quite  so  far  to  the  red  as  is  the  average  visibility  curve 
obtained  by  the  writer.** 

Nutting  used  an  illumination  of  350  m.  c.  an  the  sectored  disk ; 
but  did  not  use  an  illuminated  surrounding  field  as  was  done  by 
the  writer  and  as  specified  by  Ives.  As  originally  published, 
the  visibility  curve  obtained  by  Nutting  was  in  error  owing  to 
improper  energy  evaluation  of  his  Bray  tip,  acetylene  flame. 
Subsequentiy  the  q>ectral-energy  distribution  of  this  burner  was 
determined  by  the  writer  with  the  same  spectrometer  used  in  his 
visibility  work  and  f  otmd  in  agreement  with  the  herein  described 
data.  Using  these  spectral  energy  measurements,  the  corrected 
visibility  curve  of  Nutting  ■•  is  in  close  agreement  with  that 
obtained  by  the  writer,  except  in  the  red  end  of  the  spectrum, 
where  it  is  slightiy  lower,  and  happens  to  be  in  agreement  with 
tests  made  on  a  physical  photometer.'^ 

Neither  Nutting  nor  the  writer  attempted  to  obtain  thdr  visi- 
bility data  for  normal  pupil  illumination;  though,  by  using  350 
m.  c.  on  the  disk,  the  former  had  practically  an  artificial  pupil 
illumination  corresponding  to  25  m.  c.  normal  pupil  as  previously 
used  by  Ives.  But  this  illumination  (350  m.  c.  on  the  disk)  was 
constant  for  all  observers,  whereas  Ives  foimd  that  the  artificial 
pupil  illumination  varied  greatiy  for  various  observers,  the 
highest  illumination  on  the  disk  being  twice  the  lowest. ,  Ives's 
criticism  that  the  "curves  are  not  coordinated  with  any  accu- 
rately specified  observing  conditions  nor  method  of  choosing 
observers"  applies  to  Nutting's  as  well  as  the  writer's  visibility 
curves,  and  hence,  aside  from  the  higher  illiimination  used  by 
Nutting,  there  is  no  reason  for  selecting  either  one  simply  because 
it  happens  to  fit  the  tests  of  a  physical  photometer. 

Evidentiy,  where  great  refinement  is  required,  tiie  visibility 
curve  of  the  so-called  average  eye  should  be  based  upon  observa- 
tions made  by  a  selected  group  of  observers,  having  closely  normal 

"Nutting.  Trans.  Ilium.  £ng.  Soc.,  9,  p.  663;  1914.  *  B.  S.  Bulletin,  loc.  dt..  Fig.  Z4- 

"  See  Fig.  X4.  B.  S.  Bulletin,  14,  p.  316;  29x7.  >>  Ives.  Jour-  Franklin  Inst.,  188,  p.  aaa;  19x9. 
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color  vision.  Fortunately  the  writer's  visibility  data  are  classified 
as  to  normality  of  visibility  **  and  the  average  value  of  the  visibiHty- 
ctu^e  of  observers  having  closely  normal  color  vision  is  easily 
obtained.  The  average  visibility  data  of  29  observers,  classified 
as  normal  in  the  previous  paper,  are  given  in  coltimn  3  of  Table  2, 
along  with  the  previously  published  data  (column  2)  on  125 
observers.  The  total  ntmiber  of  observers  being  so  large,  the 
effect  of  the  observers  having  abnormal  color  vision  is  quite 
inappreciable  upon  the  average  visibility  curve,  except  in  the 
extreme  red,  as  just  mentioned. 

TABLB  2.— VisibUitj  of  Radiation  of  a  Gfoup  of  125  ObMrftn  and  of  Salactad 
Group  of  29  Obaerrera  Haying  Closelj  tho  Average  VisibiUij 


Waraltofili 
iiM<M)01  nun 

VWbmiy  €C  mdimion 

Wavslenilli 
ii«-0.001  nun 

VIribllltr  of  ndtation 

125Qta«T«fl 

29tfbMmn 

125«bMivm 

29dMCf(an 

0.49V 

0.223 

0.230 

O.S96ii 

0.734 

0.735 

•503 

•aso 

.357 

.804 

.636 

.636 

.5U 

.553 

.559 

.61S 

.517 

.517 

.523 

.771 

.778 

.828 

.890 

.387 

.5M 

.908 

.908 

.03 

.387 

.264 

.546 

.963 

.987 

.641 

.165 

.164 

.552 

.998 

1.000 

.654 

.095 

.083 

.559 

1.000 

.998 

.665 

.046 

.045 

.57a 

.952 

.955 

.678 

.€802 

.0197 

.590 

.899 

.900 

.690 

.0086 

.0075 

.587 

.823 

.824 

.703 

.0034 

.0033 

V.  SUMMARY 

The  object  of  this  paper  is  to  give  some  new  data  on  the  distri- 
bution of  energy  in  the  infra-red  spectrum  of  a  flat  and  of  a  cylin- 
drical acetylene  flame.  The  paper  gives,  also,  a  revision  of  pre- 
viously published  spectral-energy  data  pertaining  to  the  violet  end 
of  the  visible  spectrum. 

The  optical  properties  of  the  flame  are  discussed,  and  it  is  shown 
that,  owing  to  the  high  selective  absorption  of  the  flame  in  the 
visible  spectrum,  the  apparent  color  temperature  is  higher  than 
that  obtained  from  a  consideration  of  the  maximum  emission  in 
the  infra-red. 

The  radiometric,  as  well  as  the  color-temperature  measurements, 
indicate  that  in  the  visible  spectrum,  from  0.48/i  to  0.74/i  the  spec- 
ie b.  s.  BuUedn,  14,  pp.  s8a,  S93;  19x7. 
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tral-energy  distribution  of  the  central  zone  of  the  cylindrical 
acetylene  flame  is  that  of  a  black  body  at  2360^  K. 

It  is  shown  that  the  revision  of  the  spectral-energy  data  of  the 
acetylene  flame  has  no  effect  upon  the  previously  published  visi- 
bility data  in  the  region  of  the  spectrum  from  0.48/A  to  o. 75m-  This 
is  the  part  of  the  spectrum  in  which  an  attempt  had  been  made 
to  attain  high  accuracy  in  the  visibility  data.  A  table  is  given  of 
the  visibility  of  the  average  of  29  observers  having  closely  normal 
color  vision,  as  observed  with  a  flicker  photometer. 

Washington,  September  3,  1919. 

N0T8. — ^The  criticism  recenUy  made  by  Hyde  "  and  his  collabocatiora  that  the 
writer's  data  (particularly  in  the  red)  do  not  fit  the  black  body  energy  distribution 
better  than  7  to  8  per  cent  is  inconsistent  with  their  own  observations.  Using  a  spectral 
pyrometer,  they  find  that  at  0.75M  the  observed  emissivity  is  slightly  (about  7  per  cent) 
higher  than  that  of  a  black  body  at  2360^  K. 

In  other  words,  their  data  show,  as  was  found  by  the  writer  ^  some  years  ago,  that, 
in  making  a  color  match,  the  eye  is  not  able  to  distinguish  a  difference  in  the  spectral 
cnetgy  match  amounting  to  pcarhaps  3  to  5  per  cent  in  the  extreme  red  end  (0.75M)  of 
the  visible  q>ectrum.  The  supposed  disagreement  appears  to  be  in  our  interpretation 
ci  the  data,  rather  than  in  the  experimental  results  themselves.  For,  if  the  emissivity 
is  hij^ier  in  the  red,  then  the  ratios  must  decrease  as  shown  in  column  10  of  Table  x. 

Washinoxon,  January  g,  1^20. 

*  Hyde,  Porsythe  and  Cady.  Phys.  Rev.  (a),  14,  p.  38a:  1919. 
M  B.  S.  BuUetin,  6.  p.  3x7;  19x0. 
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L  INTRODUCTION 

During  the  past  few  years  numerous  requests  for  information 
regarding  metals  of  high  reflectivity  have  been  received  by  this 
Bureau.  A  particularly  urgent  request  was  received  for  an  alloy 
with  high  reflecting  power  throughout  the  spedxum.  As  some 
of  the  alloys  of  aluminum  and  magnesium  give  exceptional  reflec- 
tion in  the  ultra-violet  it  was  thought  desirable  to  make  an  inves- 
tigation of  the  reflectivity  of  various  alloy?  of  these  two  metals. 

L.  Mach  and  V.  Schumann  *  gave  an  account  of  the  preparation 
of  aluminum-magnesium  alloys  of  various  compositions  with 
remarks  on  their  optical  properties.  Hagen  and  Rubens  *  deter- 
mined the  reflectivity,  in  the  ultra-violet,  visible,  and  infra-red 
spectrum,  of  an  alloy  containing  69  per  cent  aluminum  and  31 
per  cent  magnesium,  and  it  was  shown  to  have  an  exceptionally 
high  reflection  in  the  ultra-violet.  This  alloy  is  known  as  Mach*s 
inagnalium. 

An  alloy  for  mirrors  should  be  homogenous  and  uniform.  It 
would  not  be  expected  that  an  alloy  whose  structure  was  made 
up  of  two  or  more  constitutents  would  have  a  higher  reflectivity 
than  either  of  its  structural  constitutents,  so  that  in  a  series  of 
alloys  of  two  or  more  metals  we  would  expect  the  maximum  or 
minimum  reflection  for  any  given  wave  length  to  occur  for  the 
composition  at  which  a  stable  compound  is  formed,  or  in  a  range 

1  Mach  and  Schumann,  Sitzunber.i  Wicn  Akad.,  108  A,  p.  X35;  XS99. 
*  Hagcn  and  Rubens,  Ann.  d.  Phya.,  8,  p.  x6;  1903. 
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in  which  the  metals  form  a  solid  solution.  Aluminum  and  mag- 
nesitun  form  solid  solutions  only  at  low  percentages  of  either  metal, 
but  they  form  a  compotmd,  Al^Mg^,  containing  46  per  cent 
alumintun  and  54  per  cent  magnesium,'  and  our  efforts  were  con- 
fined largdy  to  the  preparation  of  mirrors  of  this  compound. 

Aluminum  and  zinc  form  a  compound/  AljZn,,  containing 
78.3  per  cent  zinc  and  21.7  per  cent  aluminum,  and  as  both  of 
these  metals  have  rather  high  reflecting  powers,  a  specimen  of 
this  compound  was  ptepared  and  examined.  The  work  of  Rosen- 
hain  and  Archbutt  would  indicate  that,  although  this  compound 
decomposes  on  slowly  cooling,  a  chill-cast  specimen  would  remain 
stable  at  room  temperatures. 

n.  PREPARATION  AND  PHYSICAL  PROPERTIES  OF  THBSB 

ALLOYS 


The  specimens  for  reflectivity  determinations  were  prepared 
from  the  purest  materials  available.  The  aluminum  contained 
0.15  per  cent  iron,  0.12  per  cent  silicon,  and  0.02  per  cent  copper. 
The  magnesitmi  contained  0.08  per  cent  iron  and  0.03  per  cent 
copper.    The  zinc  contained  less  than  0.05  per  cent  impurities. 

Small  castings  about  25  mm  diameter  and  weighing  100  g 
were  made  of  alloys  containing  aluminum  with  15  per  cent  magne- 
sium, which  is  a  duplex  alloy  consisting  of  a  solid  solution  and  the 
eutectic,  with  31  per  cent  magnesium,  which  is  the  eutectic  of  the 
solid  solution  and  the  compotmd,  and  with  54  per  cent  magnesitmi, 
which  is  the  compotmd.  A  similar  specimen  of  the  aluminum- 
zinc  compotmd  containing  78.3  per  cent  zinc  was  prepared. 

The  alloys  were  made  by  melting  the  aluminum  in  an  Acheson 
graphite  crucible,  and  adding  the  magnesitim  or  zinc  to  the 
molten  aluminum,  care  being  taken  to  keep  the  temperature  of 
the  molten  material  below  750*^  C  (1380®  F).  The  alloys  were 
cast  in  a  large  graphite  mold.  Since  it  was  not  possible  to  get 
sotmd  castings  of  the  aluminum-magnesium  compotmd,  54  per  cent 
magnesitim,  in  this  manner,  the  specimens  of  this  alloy  were 
remelted  in  a  vacutun,  and  cooled  slowly.  The  preparation  of 
this  compotmd  was  simplified  by  the  fact  that  on  stirring  the 
molten  material  an  excess  of  either  alumintmi  or  magnesitan  would 
oxidize  and  leave  the  compound.  This  was  confirmed  by  an 
examination  with  the  miscroscope. 


*Grabe,  Zdt.  Anorg.  Chem.,  45,  p.  22$,  19x5;  Schirmeister,  Metal  u.  Erz.,  11,  p.  $*»,  X9S4* 
*  W.  Roomhain  and  L-  S.  Archbutt,  Constltutloa  oC  Alloys  of  Aluminum  and  Zinc.  Phil.  Trans.  Royal 
Soc..  211,  p.  315;  Z9XZ. 
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Plates  of  the  Mg4Al,  12  inches  (30  cm)  square  and  i  inch 
(2.5  cm)  thick  were  prepared  by  casting  the  alloy  in  an  iron  mold, 
placing  this  mold  in  a  vacuum  furnace,  melting  the  Al,Mg4  in 
vacuo,  and  cooling  slowly.  It  was  found  necessary  to  cool  this 
compound  very  slowly  in  order  to  relieve  stresses  in  the  casting. 
Some  of  the  specimens  burst  into  fragments  after  removal  from  a 
chill  mold. 

The  compoimd  of  aluminum  with  magnesium,  Mg^Alt,  is  very 
hard  and  brittle,  and  its  resistance  to  the  action  of  dilute  acids  and 
alkalies  is  much  greater  than  any  other  magnalium  which  has  come 
under  our  observation.  A  specimen  of  this  compotmd  was  placed 
in  0.5  per  cent  NaOH  for  90  minutes.  The  surface  was  not  dulled 
appreciably,  and  no  action  could  be  detected  with  the  microscope. 


7       TB       ;?       i3      TT 


1.8       u«       i^ 

Fig.  I. — RtJUcting  pawtr  of  ginc  and  of  alloys  of  aluminum  mth  tine  and  with 

magnesium 

On  the  other  hand  all  the  alloys  made  up,  including  the  compound, 
seem  to  deteriorate  on  exposure  to  the  air  in  the  laboratory  for  a 
few  weeks.    The  polished  surfaces  of  the  zinc-aluminum  alloys 
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tarnished  in  a  few  days.  The  magnesium-aluminum  allo3rs  seem 
to  be  more  stable,  but  in  view  of  the  difiSculties  in  preparing 
optically  perfect  surfaces,  these  alloys  do  not  seem  to  be  as  suitable 
for  mixrors  as  are  nickel-steel  and  stellite.  The  reflectivities  of  the 
latter  are  lower,  but  the  surfaces  promise  to  be  more  permanent. 

m.  REFLECTIVITY  MEASUREMENTS 

The  reflectivity  measurements  were  made  by  means  of  a  mirror 
spectrometer,  a  fluorite  prism,  and  a  vacutun  thermopile  described 
in  previous  publications.*  The  reflecting  power  of  the  sample, 
which  had  a  plane  surface,  was  determined  by  comparison  with  a 
silver  mirror;  and  also  by  a  new  method  in  which  the  silver  reflect- 
ing surface  was  replaced  by  the  hypotenuse  face  of  a  right-angled 
glass  prism.  The  reflectivity  data  are  illustrated  in  Fig.  i ,  and 
summarized  in  Table  i ,  which  gives  also  the  identification  numbers 
and  the  CQnq>osition  of  the  alloys. 

TABLE  1 


SaiBpte  marked— 

Compotldoii 

Kind  of  poUflh 

R<»H^M-fl<pi 

Itfigfiflgtufli 

0.5m 

0.7m 

R.l-A 

46 
46 
46 
69 
8S 

22 

22 

54 
54 

54 
51 
15 

78 

78 

Wax 

Per  cant 

76 

89 
86 

87 
74 

47 
74 

Percent 

81 

R-i-Ai 

Buffed 

92 

R-1 

Wax 

88 

A-29. , 

do 

86 

A-27 

73 

Z-ll 

Wax 

51 

^12 ^ 

Buffed 

70 

These  data  are  instructive  in  showing  the  effect  of  polish  upon 
the  reflecting  power.  The  best  surface  for  reflecting  is  not  obtained 
with  the  ordinary  optical  polishing  methods,  in  which  a  pitch 
polisher  and  rouge  are  used.  As  illustrated  in  Fig.  i,  at  0.7/i  the 
reflecting  power  of  the  magnesium  compoimd  was  increased  from 
81  per  cent  (R-i-A)  to  92  per  cent  (R-i-AJ ,  by  merely  improving 
the  polish  by  using  alumina  on  broadcloth  moistened  with  alcohol. 

The  sample  of  Mach's  alloy,  A-29,  has  a  uniform  reflectivity,  of 
about  86  per  cent,  throu|;hout  the  visible  spectrum.  This  is  in 
a^eement  with  the  observations  of  Hagen  and  Rubens  (\oc,  dt.) 
who  observed  a  uniform  reflectivity  of  about  83  per  cent. 

•  W.  W.  CoblcnU  and  W.  B.  Bmeraco.  The  Reffectiiv  Power  oC  Tuncftea  and  StelUte»  SctcntUic  Paper 
Ko.  308,  U.  S.  Bureau  of  Standards;  19x7. 
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* 

The  reflectivity  curve  of  the  alloy  of  aluminum  and  zinc, 
Al^Zn,  (Zn  12  in  Fig.  i)  is  unusual  in  that  it  has  a  wide  minim  nm 
of  reflectivity  at  0.911,  beyond  which  point  the  reflectivity  increases 
gradually  to  93  per  cent  at  4/i.  This  minimum  is  so  novel  that  an 
examination  of  the  reflectivity  of  pure  zinc  was  made  to  deter- 
mine whether  there  is  a  minimum  in  its  reflectivity  cturve. 

The  bluish  white  color  of  a  zinc  mirror,  and  the  unusually  lov 
reflectivity  previously  observed*  at  in,  indicate  the  possibility  of 
a  minimum  of  reflectivity  in  the  region  of  0.8/1  to  0.9/i.  An  exami- 
nation of  the  reflectivity  of  the  zinc  mirror  previoiisly  used,  dis- 
closed a  sharp  reflectivity  minimum  at  i/x,  as  shown  in  Fig.  i. 
The  surface  of  this  mirror  was  not  highly  polished,  which  accotmts 
for  the  low  reflectivity  throughout  the  spectrtun.  At  2/i  the 
reflectivity  was  85  per  cent.^ 

But  few  metals  are  known  which  have  a  minimum  reflectivity  * 
in  the  infra-red,  though,  as  is  well  known,  copper  and  gold  are  ex- 
cellent examples  of  metals  having  a  reflectivity  minimtun  in  the 
visible  spectnun. 

As  already  stated,  mirrors  made  of  zinc-aluminum  alloys  tarnish 
ra'pidly,  and  hence  are  unsuitable  for  laboratory  use. 

IV.  SUMMARY 

This  paper  gives  the  manner  of  preparation  and  determination 
of  the  spectral  reflective  properties  of  some  alloys  of  aluminum 
with  magnesium  and  with  zinc.  All  of  these  alloys  tarnish  in 
time,  and  hence  are  not  suitable  for  mirrors  where  permanency 
is  of  prime  importance.  The  compound  of  aluminum  and  mag- 
nesitmi,  Al^Mg^,  deteriorates  less  rapidly  than  any  of  the  other 
alloys  examined,  and  could  be  used  in  apparatus  where  a  highly 
reflecting  mirror  is  desired  for  a  short  time.  A  reflectivity  of  92 
per  cent  at  o.jfA  was  obtained  with  this  compound. 

The  zinc-aluminum  alloy  has  a  minimum  reflectivity  at  0.9/A. 
An  examination  of  the  reflectivity  of  ptu'e  zinc  disclosed  a  similar 
reflectivity  minimum  at  i/i. 

Washington,  August  19,  1919. 

*  W.  W.  Coblcntz,  Radiometric  Investigatioaa  of  InfnirRed  .^^Morptioa  and  Reflcctioa  Spectra,  Scien- 
tific ^mpa  No.  45.  U.  S.  Burcaa  of  Standards;  1907. 

'  These  data  were  obtained  with  the  assistance  of  H.  Kahler,  using  a  quartz  prism  which  gives  practi- 
cally twice  the  dispertton  of  the  fluorite  prism  used  for  obtaining  the  data  on  the  alloy. 

*SeeCobknts  and  Bmcrsoo*  loc.  dt.,  for  tungsten  as  a  similar  example. 
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I.  INTRODUCTION 

In  connection  with  the  testing  at  the  Bureau  of  Standards  of 
materials  to  be  used  in  the  manufacture  of  dry  cells,  it  became 
necessary  to  measure  the  potentials  of  some  carbon-manganese* 
dioxide  electrodes,  such  as  are  used  in  dry  cells.  It  was  originally 
planned  to  make  a  thorough  study  of  the  oxides  of  manganese 
in  their  r61e  as  depolarizers  in  dry  cells,  with  particular  attention 
to  the  shelf -life  of  the  cell;  but,  since  it  was  necessary  to  discon* 
tinue  the  work  for  a  time,  it  was  felt  that  the  results  thus  far 
obtained  would  be  useful  to  manufacturers  of  dry  cells  and 
might  be  suggestive  to  other  workers  in  this  field. 

Several  important  papers  have  been  published  on  the  man- 
ganese-dioxide electrode.  Tower*  and  Smith'  studied  the 
electrolytically  prepared  oxide  as  a  means  for  measuring  the 
hydrogen-ion  concentration  of  organic  add  salts.  Thompson 
and  Crocker*  noted  the  effect  of  alkalies  and  adds  upon  the 

1  Tower,  Zeit,  phys.  Chem.»  18,  p.  17;  1895.    Tower,  ZdL  phys,  Chcm.,  8i.  p.  566;  1900. 

9  Smith,  Zeit.  phys.  Cbem..  21,  p.  93;  1896. 

>  TfaQOpton  and  Crocker,  Tnms.  Am.  Blectixxrhon.  Soc.,  t7,  p.  155;  X9X5. 
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potential  of  electrodes  prepared  from  a  mixture  of  granulated 
carbon  and  pyrolusite. 

AUmand^  states  that  the  reaction  of  manganese  dioxide  as 
a  depolarizer  may  be  represented  by  an  equation  such  as 

MnO,  +  H^,0 ►KMn  A + OH"  +  ( + ) . 

According  to  Nemst's  equation,  the  electrode  potential  at 
25®  C  would  then  be 

E=constaiit+o.o59  log  p^^^Jgzrj 
=  constant — 0.059  log  [OH"]  =  constant +0.059  log  [H+] 

in  which  the  potential  is  a  logarithmic  function  of  the  hydrogen- 
ion  concentration. 

No  experimental  data  have  been  published  to  show  whether 
this  relation  is  true.  While  the  authors  previously  mentioned 
recognized  that  a  logarithmic  relation  exists  and  suggested  equa- 
tions representing  it,  they  did  not  establish  their  conclusions  by 
measurements  with  a  hydrogen  electrode.  Moreover,  no  one  has 
pointed  out  the  significance  of  the  hydcogen-ion  concentration 
as  explanatory  of  variations  in  the  open-circuit  voltage  of  dry 
cells  and  the  part  it  plays  in  the  polarization  of  a  dry  cell  during 
discharge. 

It  is,  therefore,  the  purpose  of  this  paper  to  present  experi- 
mental data  showing  (i)  that  the  potential  of  a  manganese- 
dioxide  electrode  prepared  from  certain  ores  is  a  logarithmic 
function  of  the  hydrogen-ion  concentration  of  the  solution  in 
contact  with  it;  (2)  that  chemically  prepared  manganese  dioxide 
does  not  show  the  logarithmic  relation;  (3)  that  the  relation 
between  the  potential  of  the  manganese-dioxide  electrode  and 
hydrogen-ion  concentration  serves  as  a  partial  explanation  of 
variations  in  the  open-circuit  voltage  and  polarization  of  dry 

cells. 

n.   EXPERIMENTAL  WORK 

I .  Method  of  Measurement. — ^The  method  used  for  measoring 
the  potential  of  the  carbon-manganese  dioxide  electrode  in 
different  solutions  was  briefly  as  follows : 

The  electrode  was  introduced  into  a  2 -ounce  bottle  containing 
the  solution  of  known  hydrogen-ion  concentration.  Into  this 
solution  dipped  a  siphon  containing  a  saturated  solution  of 
potassium  chloride  which  led  to  a  tenth-normal  calomel  electrode. 

4  AUnund,  Asxplied  BlccCrocfacniiatry.  p.  ao6;  zgza. 
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This  set-up  is  shown  in  Fig.  i.    The  electFomotive  force  of  this 

chain 

„,|„rf,,|N  _„,  I  saturated  1NH.C1   of  IMnO, 
Hg|HgCl|;-ECl|      ^(^      I  known  [H*]  I C 

was  then  measured  with  a  potentioineter. 


cy 


PlO.  I. — StI  upfot  mtaitiHttg  the  potentiaU  of  At  earhon  mangan4t4  dioxide  tUctrodt 
iti  difftrtnt  tolvticnt  of  known  hydrogtn-ion  conc«nlraiion 

2.  Preparation  op  Electrodes. — Because  of  the  variety  of 
manganese  ores  used  at  the  present  time  in  making  dry  cells,  it 
was  decided  to  select  for  this  investigation  several  ores  typical  of 
those  in  use.  For  this  purpose  some  of  the  manufacturers  fur- 
nished *  a  number  of  ores,  of  which  three  were  selected  for  this  work. 

idc  el  the  cmaUrrtt  the  Bdikm  BatUrv  Co.,  ud  the  National  Cubuo  Co.; 
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The  materials  selected  were  a  Caucasian  ote,  which  is  considered 
to  be  the  best  material  in  all  respects  for  dry  cells;  a  Brazilian 
ore,  which  has  been  used  since  the  importation  of  the  Caucasian 
ore,  was  interrupted  by  the  war  in  1914;  a  domestic  ore;  and  a 
chemically  prepared  oxide*  The  latter  is  used  in  large  proportions 
mixed  with  the  natural  ores  for  making  dry  cells  of  small  sizes, 
such  as  are  used  in  flash  lights. 

For  use  in  the  electrodes  the  ores  were  ground  and  sifted. 
The  portion  of  each  ore  which  passed  through  a  65-mesh  and  was 
held  back  by  an  80-mesh  sieve  was.used.  The  chemically  prepared 
oxide  was  a  fine  powder  and  was  not  sifted. 

The  electrodes  were  prepared  from  a  miitture  of  two  parts,  by 
weight,  of  the  ore  or  oxide,  and  one  part  of  Acheson  "D  A  G" 
graphite.  The  fineness  of  the  graphite  was  such  that  99  per  cent 
passes  through  a  200-mesh  sieve.  This  mixture  was  moistened 
with  water  sufficiently  to  permit  molding  into  small  cylinders 
33  mm  long  and  12  mm  in  diameter,  around  a  carbon  rod  25  mm 
long  and  5  mm  in  diameter.  The  electrodes  were  then  wrapped 
in  filter  paper,  tied  with  linen  thread,  and  dried  at  1 10^  C.  The 
dried  electrodes  were  then  ready  for  use.  A  copper  wire  was 
soldered  to  a  brass  cap  on  the  carbon  rod,  which  served  as  a  lead 
to  the  potentiometer* 

3.  Preparation  of  Soi^utions. — Solutions  of  constant  and 
easily  reproducible  hydrogen-ion  concentrations  were  necessary 
for  this  work.  The  simplest  method  of  preparing  such  solutions 
is  to  add  to  a  salt  solution  of  known  concentration  a  definite 
amotmt  of  its  add  or  base.  Fortunately,  ammonitun  chloride, 
which  is  used  in  large  proportion  in  dry  cells,  is  a  very  satisfactory 
salt  for  the  purpose  desired.  The  series  of  solutions  used  was, 
therefore,  prepared  in  the  following  manner: 

A  solution  containing  200  grams  of  ammonium  chloride  per 
kilogram  of  solution  was  prepared  from  the  cp  salt.  To  100  cc 
portions  of  this  solution,  i  cc,  5  cc,  10  cc,  50  cc,  and  100  cc  of 
tenth-normal  hydrochloric  add  or  ammonium  hydroxide  were 
added.  The  hydrogen-ion  concentration  of  each  one  of  these 
solutions  was  determined  by  the  bell  type  of  hydrogen  dectrode 
suggested  by  Hildebrand*  and  measured  against  a  tenth-normal 
calomel  electrode. 

*  Jour.  Am.  Oum,  Soc..  M.  p.  B64: 19x3* 
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m.  DISCUSSION  OF  RESULTS 

1.  Hydrogen-Ion  Concentrations. — In  Fig.  2,  curve  V  rep- 
resents the  series  of  anunoniuni-chloride  solutions  the  prepara- 
tion of  which  was  previously  described.  The  zero  ordinate 
represents  the  neutral  20  per  cent  ammonium-chloride  solution. 
Additions  of  tenth-normal  ammonium  hydroxide  to  a  volume  of 
100  cc  of  the  salt  solution  are  indicated  from  zero  to  the  right, 
and  similar  additions  of  tenth-normal  hydrochloric  add  to  100  cc 
of  the  salt  solution  are  indicated  from  zero  to  the  left. 

The  range  in  hydrogen-ion  concentration  thus  obtained  is 
lo'^  to  lo"*.  The  uncertainty  of  the  potential  of  the  hydrogen 
electrode  in  ammoniacal  solutions,  due  to  loss  of  ammonia  pro- 
duced by  passage  of  hydrogen,  makes  the  alkaline  part  of  the 
curve  a  little  doubtful,  but  the  error  is  believed  to  be  small. 

The  alkalinity  of  the  anunonia  is  considerably  reduced  by  the 
presence  of  the  ammonium  chloride.  Thus,  in  the  solution  pre- 
pared by  adding  100  cc  of  tenth-normal  ammonium  hydroxide 
to  100  cc  of  20  per  cent  ammonium-chloride  we  really  have  a 
twentieth-normal  solution  of  ammonia  containing  10  per  cent 
of  ammonium-chloride  and  with  a  hydrogen-ion  concentration 
(curve  V)  of  io~*.  The  hydrogen  electrode  in  twentieth-normal 
ammom'a  without  the  salt  showed  the  hydrogen-ion  concentra- 
tion to  be  10"^*.  That  is,  the  presence  of  10  per  cent  of  the  salt 
reduced  the  hydrogen-ion  concentration  by  one  htmdredfold. 
Similar  calctilations  were  made  by  Blum,'  using  the  ionization 
constants  of  ammonia  and  water. 

2.  PoTENTiAi^  OF  ManganesE-Dioxide  Ei^ectrode. — ^The 
potentials  of  the  three  samples  of  ores  and  oxide  are  represented 
by  the  curves  in  Fig.  2,  curve  /  for  the  Caucasian  ore;  curve  // 
for  the  domestic  ore;  curve ///for  the  Brazilian  ore;  and  curve /F 
for  the  chemically  prepared  oxide. 

In  the  case  of  the  ores,  although  the  parallelism  is  not  exact, 
it  appears  that  the  potential  is  a  logarithmic  function  of  the 
hydrogen-ion  concentration.  Thus,  while  the  potential  of  the 
hydrogen  electrode  in  curve  V  decreases  (—0.39  to  —0.79)  0.40 
volt,  the  potential  of  the  Caucasian  ore  decreases  (+0.62  to 
-I-0.15)  0.47  volt;  the  donnestic  ore  (  +  0.67  to  +  o.ii)  0.56  volt; 
and  the  Brazilian  ore  (  +  0.64  to  +0.19)  0.45  volt.    That  is,  for 

«  Bhna— Bull.  Bur.  Stand.,  It.  p.  sax;  19x6. 
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Flo.  3. — The  potentials  of  different  manganese  ores  and  an  oxide  as  measured  in  series 

of  NH^Cl  solutions  of  known  hydrogen-ion  concentration  are  represented  by  above  curves 

I,  Caucaslaii  ore;  //,  domestic  ore;  ///.  Bruiliaii  ore;  IV,  chemicaUy  prepared  oodde;  V  represents  the 
curve  of  the  series  of  NH4CI  sohitions  used  in  this  work,  the  hydrogen-ion  ooncentratioa  ranging  from 
xo~*  to  io~*. 
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each  tenfold  decrease  in  hydrogen-ion  concentration,  the  potential 
of  the  Caucasian  ore  decreased  (  -^  j  0.067   volt;   the  domestic 

ore  (  -^  j  0.080  volt;  and  the  Brazilian  ore  (  -^  j  0.064  volt. 

The  potential  of  the  chemically  prepared  oxide  appears  to  be 
independent  of  hydrogen-ion  concentration,  for  which  no  explana- 
tion is  offered.  This  difference  from  the  ores  was  entirely  imex- 
pected  and  requires  further  study. 

3.  Effect  of  Time. — ^The  increase  in  potential  produced  by 
increased  add  concentration  would  suggest  a  simple  means  of 
increasing  the  voltage  of  a  dry  cell,  and  it  has  been  said  to  have 
been  used  by  dishonest  makers  to  "  boost  **  the  voltage  and  **  flash 
point "  of  their  dry  cells.  It  has  the  disadvantage,  however,  that 
the  voltage  drops  from  day  to  day.  This  is  indicated  by  the 
dotted  curves  in'  Fig.  i,  which  represtents,  the  potentials  at  the 
end  of  one  week.  Thus  it  is  seen  that  the  potential  gradually 
decreased  in  add  solutions  and  increased  slightly  in  alkaline 
solutions.  These  results  would  indicate  that  the  shelf-life  ■  of 
a  cell  containing  add  would  probably  be  short,  entirely  apart 
from  the  action  of  the  add  solution  upon  the  zinc. 

4.  Relation  of  Hydrogen-Ion  Concentration  and  Open- 
Circuit  Voltage  of  Dry  Cells. — Experiments  showed  that  the 
potential  of  a  zinc  electrode  in  the  solutions  corresponding  to 
curve  V  varies  less  than  0.02  volt;  that  is,  the  zinc  potential  is 
practically  independent  of  the  hydrogen-ion  concentration  of  the 
solution.  But  since  the  potential  of  the  carbon-manganese 
dioxide  is  dependent  upon  the  hydrogen-ion  concentration,  the 
open-circuit  voltage  of  the  dry  cell,  containing  a  given  ore,  is, 
therefore,  determined  by"  the  hydrogen-ion  concentration  of  its 
electrolyte.  It  would  be  possible,  then,  to  vary  the  open-drcuit 
voltage,  when  the  cell  is  new,  by  0.4  or  0.5  volt  by  simply  adding 
add  or  alkali  to  it. 

Measurements  of  the  hydrogen-electrode  potential  in  solutions 
containing  12.5  to  50  per  cent  of  ammonium  chloride  and  up  to 
40  per  cent  of  zinc  chloride  gave  values  from  0.52  to  0.59  volt 
against  the  tenth-normal  calomel  electrode,  corresponding  to 
hydrogen-ion  concentrations  from  10-*  to  icr*'».    Since  the  slope 

*  At  the  besinninx  d  this  investisatiaa  it  was  hoped  that  the  change  in  potentials  over  a  short  period 
ct  time  might  serve  as  an  indication  ci  the  probable  shelf-Ufe  of  a  dry  cell  containing  the  ore  or  oxide  tested. 
The  results  obtained,  however,  were  not  suffident  to  iostify  the  coodiuion  that  it  is  possible  to  predict 
the  shelf-life  of  an  ore  by  such  a  method. 


666  Scientific  Papers  of  the  Bureau  of  Standards  \vcl  xs 

of  the  curves  for  the  ores  near  the  neutral  point  is  much  less  than 
that  for  the  hydrogen  electrode,  the  variation  in  the  open-circuit 
voltage,  caused  by  differences  in  hydrogen-ion  concentration  of 
ammonium  and  zinc  chlorides  solutions,  would  be  somewhat  less 
than  0.07  volt. 

5.  Relation  of  Hydrogen-Ion  Concentration  and  Polari- 
zation OP  a  Dry  Cell. — ^There  is  no  means  of  measuring  the 
hydrogen-ion  concentration  of  the  electrol3rte  in  a  dry  cell  with  a 
hydrogen  electrode.  From  the  previous  discussion  it  appears  that 
the  potential  of  the  manganese  dioxide  electrode  gives  about  as 
true  value  of  the  hydrogen-ion  concentration  in  a  dry  cell  as  it 
is  possible  to  obtain. 

While  it  is  true  that  zinc  chloride  would  reduce  the  alkalinity 
produced  by  ammonia  formed  during  discharge  of  the  cell,  it  is 
probable  that  the  alkalinity  would  at  least  amount  to  that  repre- 
sented in  curve  V;  that  is,  [io-«].  Assuming  this  to  be  true,  then, 
the  decrease  in  hydrogen-ion  concentration  from  that  of  the  neutral 
ammonium-chloride  solution  to  about  lo'"  would  cause  a  drop  of 
0.17  volt  in  the  voltage  of  a  cell  containing  the  Caucasian  ore; 
0.21  for  the  domestic  ore;  and  0.14  volt  for  the  Brazilian  ore. 
Roughly,  then,  a  drop  in  voltage  of  at  least  0.15  to  0.20  volt 
may  be  due  to  decreased  hydrogen-ion  concentration.  At  least  a 
portion  of  the  polarization  of  a  dry  cell  is,  therefore,  probably 
due  to  the  layer  of  electrol)rte  on  the  surface  of  the  electrode 
becoming  impoverished  in  hydrogen  ions. 

To  determine  the  relative  change  in  potentials  of  the  electrodes 
of  a  dry  cell,  during  discharge,  a  No.  6  cell  was  discharged  con- 
tinuously through  a  resistance  of  10  ohms,  and  the  potentials  of 
the  electrodes  were  measured  at  frequent  intervals  with  a  tenth- 
normal calomel  electrode  and  a  potentiometer  (Fig.  3).  It  is 
noted  that  after  the  first  50  hours  the  potential  of  the  zinc  is  very 
constant  for  the  remaining  170  hom^,  while  during  the  latter 
period  of  time  the  manganese  dioxide  electrode  dropped  0.28  volt 
(from  +0.04  to  —0.24).  From  the  previous  discussion  it  is 
reasonable  to  assume  that  the  reduced  hydrogen-ion  concentra- 
tion is  responsible  for  o.  1 5  or  0.20  volt  of  this  drop.  It,  however, 
must  not  be  forgotten  that  the  chemical  changes  (reduction  of 
the  oxide)  at  the  surface  of  the  electrode  during  discharge  would 
also  lower  the  potential. 
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IV.  CONCLUSIONS 

I .  The  potential  of  an  electrode  composed  of  a  mixture  of  graphite 
and  some  manganese  ores  is  a  logarithmic  function  of  the  hydrogen- 
ion  concentration  of  the  solution  in  contact  with  the  electrode. 

2.  The  potential  of  similar  electrodes  containing  a  chemically 
prepared  oxide  instead  of  the  natural  ores  is  independent  of  the 
hydrogen-ion  concentration. 

3.  The  potential  of  the  natural  ores  steadily  decreased  with 
time  in  acid  solutions,  indicating  either  a  consumption  of  hydrogen 
ions  or  a  reduction  of  the  oxide  or  both. 

4.  The  potential  of  the  natural  ores  steadily  but  slowly  increased 
in  alkaline  solutions,  indicating  either  a  consumption  of  hydroxyl 
ions  or  oxidation  of  the  oxide  or  both. 

5.  Slight  variations  in  the  hydrogen-ion  concentrations  of  solu- 
tions of  ammonium  chloride  and  zinc  chloride  are  sufl&cient  to 
account  for  variations  of  several  himdredths  of  a  volt  in  open- 
circuit  voltages  of  dry  cells  containing  the  same  ore. 

6.  At  least  a  portion  of  the  polarization  of  a  dry  cell  during 
discharge  may  be  explained  as  being  due  to  a  layer  of 
electrolyte  on  the  surface  of  the  electrode  impoverished  in 
hydrogen  ions. 

The  authors  acknowledge  the  assistance  of  A.  B.  Goodall  in 
making  the  drawings  for  this  paper. 

Washington,  August  13,  191 9. 
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I.  INTRODUCTION 

Interferential  measurements  of  displacement  or  change  in  length 
by  use  of  the  interference  fringes  due  to  two  nearly  parallel  plane 
mirrors  have  heretofore  been  made  ahnost,  if  not  quite,  exclusively 
by  means  of  observations  on  the  displacement  of  the  fringes.^  In 
1912,  the  author  designed  a  dilatometer  to  measure  small  changes 
in  length  by  the  change  in  width  of  interference  fringes  and 
thereby  obtained  a  munber  of  advantages  in  special  cases.  An 
instrument  according  to  this  design  was  later  constructed  in  the 
Bureau  of  Standards  optical  shop.'  Although  a  few  preliminary 
tests  of  the  use  of  this  method  in  determining  differential  thermal 
expansions  were  made  with  improvised  apparatus  in  191 2,  and 
reported  to  the  Bureau  of  Standards  sdent^c  staff/  no  practical 
use  was  made  of  it  for  several  years ;  and  it  was  not  thought  worth 
while  to  publish  anything  concerning  the  new  instrument  or 
method  until  they  had  been  thoroughly  tried  in  practice.  Such 
practical  tests  have  now  been  made  and,  indeed,  the  instrument 
and  method  are  now  used  regularly  at  the  Bureau  of  Standards/ 
in  tests  of  thermal  expansion.  Some  accotmt  of  its  use  in  this 
field  has  been  given  to  the  Philosophical  Society  of  Washington, 
and  the  American  Physical  Society,'  but  no  adequate  description 
of  the  instrument  has  yet  been  published. 

^  Fixom,  Ana.  de  Chim.  ct  de  Phy.  (4),  S,  pp.  x^fim%t\  1S64.    Pulfridi,  Zeit.  fOr  Inst..  IS,  p.  365;  2893. 
I  By  John  Clacey. 

•Irwin  G.   Priest  and  I^  B.  OlmstcMl.  Bar.  StouUrds  Scientific  StidT  Meeting,  Nov.  z.  S9ia.    (Not 
pubUafacd.) 

*  By  C.  G.  Peters.    See,  for  example,  Souder  and  Peters,  An  InTestigatian  of  tbe  Physical  Properties 
d.  Dental  Materials,  forthcoming  B.  S.  Tech.  Paper. 

*  Priest  and  Peters,  Jour.  Wash.  Acad,  of  Sd.,  Aug.  Z9, 19x7,  p.  475.    Peters  and  Priest,  and  Peters  and 
Sooder.  Am.  Phy.  Soc.  New  York  Meeting,  Mar.  r,   19x9. 

143444*— ao  669 


670  Scientific  Papers  of  the  Bureau  of  Standards  ivoi.  is 

A  general  familiarity  with  the  literature  of  interferometry  indi- 
cates that  methods  such  as  described  in  this  paper  have  been  used 
very  little  if  at  all,  and  it  seem^  probable  that  the  instrument  to 
be  described  is  the  first  of  its  kind  to  be  constructed.  While 
making  the  final  revision  of  this  paper,  the  author  has  noticed  for 
the  first  time  a  suggestion  by  Pulfrich  *  that  the  number  of  fringes 
between  two  fixed  lines  on  one  mirror  affords  a  very  accurate 
measure  of  the  angle  between  the  two  mirrors.  This  is,  indeed, 
the  essential  feature  of  the  method  to  be  described,  but  it  has 
apparently  not  met  with  much  practical  application  heretofore. 
An  examination  of  the  subject  in  Science  Abstracts  and  the  Fort- 
schritte  der  Ph3rsik  has  not  disclosed  any  such  applications  of 
Pulfrich's  important  and  valuable  suggestion. 

On  account  of  the  tmiqueness  of  the  design  and  the  fact  that  the 
instrument  now  gives  promise  of  being  useful  in  attacking  various 
problems  in  thermal  expansion,  elasticity,  change  in  length  due  to 
magnetization,  "critical  points,"  shrinkage  or  expansion  due  to 
change  in  moisture  content,  etc.,  it  now  seems  desirable  to  pub- 
lish a  definite  description  of  this  dilatometer  and  the  theory  of 
its  use. 

n.  DESCRIPTION  OF  INSTRUMENT 

The  instrument  may,  of  course,  assuxne  somewhat  varied  me- 
chanical forms.  That  perhaps  best  adapted  to  explanation  is 
shown  in  Fig.  i,  which  is  nearly  the  same,  except  for  its  exact 
dimensions  and  the  shape  of  the  sample,  as  the  model  actually 
constructed  by  Mr.  Clacey,  and  now  in  practical  use  at  the  Btueau. 

ni.  THEORY  OF  METHOD 

Referring  to  Fig.  i ,  the  theory  of  the  method  may  be  explained 
as  follows: 

Let  the  apparatus  be  illuminated  by  monochromatic  light 
from  above.  An  observer  looking  down  in  the  direction  00 
will  see  a  system  of-  interference  fringes  as  shown  in  the  Plan, 
Fig.  I,  appearing  to  lie  in  the  plane  bb  of  the  interferometer 
minor;  that  is,  the  fringes  and  the  reference  lines  on  the  mirror 
can  be  simultaneously  focused  by  a  suitable  optical  instrument. 
These  fringes  are  due  to  the  interference  of  the  light  reflected 
from  the  surfaces  cc  and  bb,  which  inclose  a  wedge-shaped  space 
regarded  as  "  thick  "  (o.i  to  0.3  mm)  compared  to  the  wave  length. 
They  thus  belong  to  the  category  of  so-called  "  Fringes  of  thick 

*  Zat.  fOr  Iitftk..  SeptcndMr.  1898,  p.  a66. 
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plates  J"  Such  fringes  were  first  described  by  Pizeau  and  are 
known  as  "  Pizeau's  curves  of  equal  thickness.*"  They  are  the 
same  as  used  in  the  Pizeau-Abbe  dilatometer.* 

Numerous  elaborate  treatments  of  such  interference  phenom- 
ena have  been  published^®,  but  the  reader  not  already  familiar 
with  them  and  desiring  a  brief  elementary  description  and  expla- 
nation is  referred  to  textbooks  by  Lummer  and  Edser.^^ 

If  both  the  cover  plate  and  the  base  plate  are  of  glass  or  quartz 
they  should  not  be  silvered.  If  the  base  plate  is  of  polished 
metal,  the  surface  cc  should  be  coated  with  a  thin  semitranspar- 
ent  film  of  some  metal  to  improve  the  visibility  of  the  fringes. 

In  Pig.  I ,  oa  is  the  trace  of  a  plane  through  the  point  of  obser- 
vation and  perpendicular  to  the  intersection  of  the  mirror  planes 
cc  and  bb  produced;  that  is,  also  perpendicular  to  55.  The 
fringes  which  are  nearly  straight  and  indeed  sometimes  called 
''straight"  fringes  are,  accurately  speaking,  curves  convex  toward 
the  intersection  of  cc  and  bb  and  normal  to  aa. 

If  Lx,  the  length  of  the  sample,  is  slightly  greater  (a  few  mi- 
crons) than  Lnt  the  perpendicular  from  5  to  the  plane  6'  b'  paral- 
lel to  plane  bb,  the  fringes  will  have  the  curvature  qualitatively 
indicated  in  the  figure.  If  Lx  is  sUghtly  less  than  L.  the  curva- 
ture will  be  reversed.  If  Lx  is  exactly  equal  to  L,  the  fringes 
become  perfect  circles  ("Haidinger  rings")"  apparently  at  an 
infinite  distance  from  the  observer,  in  which  case  no  measurements 
can  be  made  by  the  method  proposed.  Measurements  are  made 
for  the  condition  of  a  difference  of  a  few  microns  in  the  lengths 
Lz  and  L..  In  this  case  small  segments  of  the  fringes  near  the 
axis  aa  are  apparently  straight  and  parallel  to  ss  and  xx.  Let  L^ 
be  adjusted  so  that  a  few  straight  fringes  (say  5  to  20)  appear 
between  the  lines  ss  and  «,  If,  for  any  cause,  the  diflference  in 
the  lengths  L.  and  Lx  then  changes,  the  number  of  fringes  be- 
tween ss  and  xx  will  change;  and  the  change  in  L^-Lx  can  be 
computed  from  this  change  in  the  ntunber  of  fringes. 

'  Bdaer.  U^t  far  Students,  p.  4x4. 

•  MOllcr-Pouillet.  Lehrbudi  dcr  Phydk,  zoth  cd.,  S.  book  3  (Optik).  p.  747- 

*  Piicau,  Ann.  de  Chfan.  et  de  Fhy.  (4),  8,  pp.  Z46-Z5Z;  1864.    Polfricli,  Zdt.  ffir  Instk.,  IS,  p.  365;  1893. 
MJficheboa.  Phil.  Mag.  (5).  It,  p.  936:  z88a.    Peussner,  Wanklemaim's  Handbnch  dcr  Phj^tOc.    Pock- 

ington.  Camb.  PhiL  Soc.  Proc..  11,  p.  Z05:  1901.  Drew.  Phy.  Rev.,  It,  p.  996;  1909.  Bartacfa.  Dias.  Mar- 
burg; 19x0.  Wetthauer,  Dm.  Marburg;  191  z.  Gefarcke  and  Janidti,  Ann.  der  Phy.  (4),  W,  p.  43Z;  Z919. 
Pahlen,  Ann.  der  Phy.  (4),  tt,  p.  Z567;  X9Z9.    Janicki,  Aim.  der  Phy.  (4),  40,  p.  493;  Z9Z3. 

M  I,anuner.  MflUer-PouUlet  I«ehrbudi,  loc.  dt.    Bdser.  Light  for  Students,  pp.  4x6-4x8;  Z907. 

^  Haidinger,  Pogg.  Ann.,  96,  pp.  453-468;  Z855.    Also  Rayleigh,  Phil.  Mag.,  IS,  p.  489:  1906. 
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The  equation  for  this  computation  may  be  given  in  the  follow- 
ing terms: 

X^swave  length  of  light  used. 
i?^)erpendicular  distance  from  X,  bearing  point  of 

sample  on  plane  cc,  to  knife-edge  55. 
c^perpendicular  distance  between  lines  ss  and  xx. 
ttzi^sorder  of  interference  at  xx  before  the  change  in 

Ls'Lx  to  be  measured. 
n.i^5order  of  interference  at  ss  before  the  change  in 
Lm-Lx  to  be  measured, 
fixs  and  ni^analogous  meanings  after  the  change. 

Sfii^Enxi-fiBv 

distance    from    5    to    plane    b'b' 
through  base  of  sample  and  parallel  to  bb. 
c^ength  of  sample  (perpendicular  distance  from  X 
to  plane  6'60« 
Lmi^sL^  before  the  change  to  be  measured.    Z^^^eLs 

after  the  change. 
Lx^^sLx  before  the  change  to  be  measured.    Lx^eL^ 
after  the  change. 

Then,  in  general, 

AL,-AL.+^(8n,-anJ.  (i) 

The  derivation  of  the  foregoing  equation  (i)  is  very  simple,  as 
may  be  shown  with  the  aid  of  Fig.  lA,  which  shows  in  a  very 
exaggerated  way  the  angle  between  the  mirrors  cc  and  66  which 
are  nearly  but  not  quite  parallel.  Let  t^,  perpendicular  to  66,  be 
the  distance  between  cc  and  66  at  reference  line  s.  Let  tx,  perpen- 
dicular  to  66,  be  the  distance  between  cc  and  66  at  reference  line  x. 
Prom  the  proportion  of  sides  in  similar  triangles. 


k-t,      d 

It  is  also  obvious  that 

Substituting  (3)  in  (2), 

^       ^      X-D-«n 

(3) 


(4) 
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Or,  in  the  two  particular  cases, 

^1=^.1+ — ^j^  (5) 


^nd 


I^^L^j^hR^  (6) 


From  (5)  and  (6)  and  the  definitions  of  ALx  and  AL.  above, 

ALx— AL,+-^(8n3  — JnJ  (i) 

which  is  the  equation  to  be  derived. 

IV.  MEASUREMENTS 

X  is  a  known  constant.    Z7,  d,  Sn^  and  Sn,  must  be  measured. 

d  is  readily  determined  by  a  traveling  microscope  or  Fraunhof  er 
micrometer. 

Z7  is  determined  as  follows:  Lightly  silver  the  surf  ace  cc.  Place 
it  on  its  bearings,  5  and  X  (Fig.  i),  and  slide  it  a  few  millimeters  in  a 
direction  accurately  parallel  to  55,  the  sample  being,  meanwhile, 
held  firmly  in  contact  with  the  base  plate  in  its  V-notch  as  shown 
in  the  figure.  The  bearing  points  will  leave  fine  traces  in  the  silver 
film.  The  distance  between  these  traces  ( »Z7)  may  then  be  deter- 
mined in  the  same  way  as  d. 

If  samples  are  made  of  a  constant  standard  diameter,  the  dis- 
tance D  becomes  an  instrument  constant  for  all  tests;  and,  indeed, 

— -r  becomes  an  instrument  constant,  say  iiC,  to  be  computed  once 
for  all,  and  we  have 

ALx = AL.  +  K(in^  -  in,)  (7) 

If  it  is  desired  to  work  with  samples  of  various  diameters,  a  graph 
or  table  of  1^  as  a  f  tmction  of  the  sample  diameter  will  facilitate  the 
computations. 

It  is,  of  course,  not  absolutely  necessary  that  the  sample  be  a 
cylinder.  This  has  been  chosen  as,  in  many  cases,  the  simplest 
form  to  prepare  and  as  well  adapted  to  facilitate  the  automatic 
adjustment  of  D.  In  special  cases  where  some  other  form  of 
sample  must  perforce  be  used,  other  methods  of  determining  D  will 
readily  occtu*  to  users  of  the  instrument. 

Stti  and  Sn^  are  obtained  as  the  direct  result  of  observation  by 
counting  the  whole  ntmiber  of  fringes  in  each  case  between  ss  and 
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XX,  adding  to  this  coiinted  number  the  fractions  of  a  fringe-width 
at  ss  and  xx,  and  prefixing  algebraic  signs  according  to  the  following 
rule: 

+ ,  if  the  center  of  cturvature  lies  on  the  side  xx. 

— ,  if  the  center  of  ciu^ature  lies  on  the  side  ss. 

The  fractional  parts  may  generally  be  estimated  with  an  tmcer- 
tainty  of  o.i  to  0.2  by  direct  inspection;  but  more  acctirate  meas- 
urements require  suitable  micrometric  observation.  The  essential 
reqliirement  for  such  micrometric  observation  may  be  met  by  an 
optical  system  forming  a  real  image  of  the  fringes  and  reference 
lines  in  a  focal  plane  over  which  a  filar  micrometer  observed  by  a 
low  power  ocular  can  be  moved.  Such  apparatus  can  be  readily 
improvised  in  any  optical  laboratory;  but  by  far  the  best  and  most 
convenient  method  of  measuring  these  fractions  and  observing  the 
whole  number  of  fringes  is  by  means  of  the  Pulfrich  interferometer, 
exactly  as  constructed  for  use  with  the  Pizeau  method."  This 
instrument  also  provides  means  for  monochromatic  illumination. 
It  was  with  this  instrument  that  all  measurements  at  the  Btuieau 
of  Standards  have  been  made. 

If  a  value  of  Lx  is  required  as  in  the  computation  of  the  expan- 
sion coefficient^  it  may  be  obtained  by  a  mechanical  contact  mi- 
crometer.    L.  may  be  obtained  from  Lx  by  equation  (4) . 

V.  SENSITIVENESS,  ACCURACT,  AND  RANGE 

SBNSrriVKJNKSS 

By  means  of  the  Pulfrich  instrument,  in^—tn^  may  be  deter- 
mined as  the  mean  of  a  small  number  of  observations  (say  five) 
with  an  tmcertainty,  due  to  observational  error,  not  greater  than 
o.oi  or  0.02.  The  instrument  constant  K  has  the  dimension  of 
length.  In  the  dilatometer  which  has  actually  been  made 
K  =  0.6  micron.  (Z?  =  28.71  mm.  d  =  14.00  mm.  X  *«  0.5876  micron.) 
The  sensitiveness  is,  therefore,  about  0.006  to  o.oi  2  micron.  It  is 
possible  to  design  an  instnunent  of  the  same  general  type  with  a 
slightly  but  not  much  greater  sensitiveness. 

ACCURACT 

Besides  the  error  of  observation  above  noted,  the  accuracy  is 
limited  only  by  unavoidable  variation  in  contacts  during  the 
course  of  meastn-ements.     The  consistency  of  Mr.  Peters'  extensive 

u  Pulfrich,  Zch.  (Or  Inatk.,  p.  961;  Sept..  1898. 
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measurements  of  thermal  expansion  of  crystal  quartz  parallel  and 
perpendicular  to  the  axis,  by  this  method  and  the  Fizeau  method, 
over  an  interval  from  about  26^  C  to  55^  C,  shows  that  the 
determinations  of  LL^  are  actually  reliable  to  about  o.oi  or  0.02 
micron.  In  these  particular  circumstances,  therefore,  the  accuracy 
is  nearly  as  good  as  the  sensitiveness.  Within  the  limits  of  its 
applicability,  this  method  is  found  to  be  at  least  as  accurate  as  the 
Fizeau  method,  and  is  probably  more  reliable.  The  contact  errors 
must  be  separately  considered  under  theparticular  circumstances 
of  each  investigation. 

The  determination  of  K  with  sufficient  accuracy  to  obtain  in 
the  computed  result  the  full  value  of  {the  accuracy  attained  in 
the  measurement  of  ^— Sn^  presents  no  difficulty.  For  small 
values  of  8n,—Jni,  it  is  evident  that  only  a  roughly  approximate 
value  of  K  is  required.  In  practical  work  as  contemplated, 
in^—in^  will  never  be  greater  than  40  and  will  be  determined 
with  an  uncertainty  of  about  0.02  or  one  part  in  2poo.  With 
the  traveling  microscope,  D  and  d  may  be  determined  with  about 
the  same  relative  accuracy  by  careful  observation.  X  is,  of  cotu-se, 
already  known  with  far  greater  acctiracy  than  required. 

Lx  may  be  obtained  by  a  mechanical  contact  micrometer  with 
the  same  relative  accuracy  with  which  ALx  is  determined  by  the 
interferential  measurements.  Z^  may  usually  be  taken  as  equal 
to  Itx  with  sufficient  accuracy. 

RAKGB 

With  the  apparatus  here  described,  the  largest  value  of  AJLx  — 
ALb  which  can  well  be  measured  is  about  20  microns,  in  which 
case  hn^  and  fin,  are  each  about  20  and  of  opposite  sign.  It 
would  be  possible  to  increase  the  range  slightly,  but  not  very  much. 

VI.  APPLICATIONS  AND  ADVANTAGES 

The  application  of  this  dilatometer  to  the  determination .  of 
relative  thermal  expansivity,  particularly  in  case  the  differential 
expansion  is  small,  is  obvious,  and,  as  has  been  mentioned,  it  is 
already  being  used  for  this  purpose.  The  base  plate  may  be 
made  of  any  material  of  standard  expansivity  and  the  various 
samples  determined  relative  to  it. 

It  appears  that  the  instrument  might  also  be  adapted  to  the 
measurement  of  small  increments  in  length,  due  to  other  causes, 
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such  as  mechanical  stress,  magnetization,  change  in  moisture 
content,  etc. 

The  detailed  methods  will  douDtless  occur  to  those  interested  in 
such  measurements;  but  it  is  well  to  point  out  in  advance  one 
important  feattu^  which  might  be  overlooked.  The  absolute 
length  of  the  sample  is  quite  undetermined  so  far  as  the  principle 
of  the  method  is  concerned.  It  is  only  necessary  to  construct 
the  base  plate  with  suitable  distance  between  the  planes  bb  and 
h'V  to  accommodate  the  sample,  the  length  of  which  may  be 
fixed  by  other  considerations.  Thus,  in  noagnetic  tests  it  may  be 
desirable  to  make  this  several  centimeters  instead  of  one. 

The  advantages  of  this  method  over  the  Fizeau  method,^^  which 
has  been  so  widely  used  in  measurements  of  thermal  expansivity, 
may  be  enmnerated  as  follows: 

1.  Smallness  and  simplicity  of  sample.  Only  one  small  pin 
is  required,  whereas  the  Fizeau  method  requires  three  similar 
pins,  a  ring  3  to  4  cm  in  diameter  with  three  bearing  points  for 
the  base  plate  and  cover  plate^  or  a  block  with  one  true  plane 
surface  about  10  mm  in  dkuneter.  This  advantage  is  important 
on  three  separate  considerations,  viz,  (a)  economy  of  time  and 
labor  in  preparing  the  sample;  (b)  economy  of  material,  which 
is  important  in  some  cases ;  (c)  the  possibility  of  more  minute  study 
of  homogeneity  of  material. 

2.  The  correction  for  change  of  refractive  index  due  to  change 
in  density  of  the  air  dtuing  the  experiment  is  eliminated  without 
evacuating  the  container.  In  the  Fizeau  method  for  thermal 
expansion,  this  is  a  very  clumsy  and  troublesome  although  a 
small  correction,*' 

3.  The  trouble  of  counting  the  passage  of  fringes,  or  obtaining 
their  displacement  by  other  tedious  methods  (observations  on 
different  wave  lengths  and  solution  of  fraction  puzzles)*'  is  entitely 
eliminated. 

4.  The  chance  of  errors  due  to  variation  in  contacts  is  reduced. 

5.  The  possibility  of  displacement  of  the  reference  lines  due  to 
"creeping"  or  accidental  displacement  of  the  cover  plate  in  the 
Fizeau  apparatus  is  eliminated. 

"  Fizeau,  Ann.  de  Ch\m.  et  de  Fhy.  (4).  2,  p.  146;  1864. 

"  Pulfrich,  Zeat.  fOr  Instk.,  13,  p.  456.    Priest.  Bulletin  ol  the  Bureau  ol  StaikUuds,  9,  p.  479. 

M  Pulfrich.  Zeit.  fOr  Instk.,  U,  pp.  369, 437.  ct  seq. 
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Vn.  CONSIDBRATIONS   OF   MBCHANICAL  CONSTRUCTION: 

A  TYPE  OF  SIMPLER  CONSTRUCTION 

The  theory  of  the  construction  of  the  base  plate  shown  in  Fig. 
I  is  as  follows: 

1.  A  plate  is  made  with  plane  and  parallel  surfaces,  tested  by 
Haidinger  rings." 

2.  All  of  one  of  these  stufaces  except  a  minute  strip  or  edge 
forming  the  knife-edge  5  is  then  ground  away  as  shown  in  the 
figtu^.  The  knife-edge  S  is  thus,  by  construction,  an  element  of 
the  original  surface,  and  so  is  parallel  to  the  base  6"  6",  the  other 
original  surface. 

3.  The  stuiace  bb  is  then  ground  and  polished  plane  and  parallel 
to  i"  5"  (by  interference  fringe  tests)  and  about  0.2  to  0.3  tnm 
below  the  original  stuiace;  and  is  thus,  by  construction,  parallel 
to  the  knife-edge  SS. 

4.  The  recess  to  receive  the  sample  is  then  ground  into  one  side 
of  the  plate  as  shown  leaving  the  siuface  b^  V  plane  and  parallel 
to  6"6"  with  good  mechanical  but  not  optical  accuracy.  (The 
distturbing  reflection  from  6"6"  which  results  from  this  con- 
struction may  be  eliminated  by  cementing  a  plate  of  black  glass 
onto  b"b".) 

The  construction  was  begun  on  this  theory,  but  in  the  end  it 
was  fotmd  necessary,  in  order  to  save  the  piece,  to  slightly  adjust 
the  knife-edge.  Indeed  the  middle  portion  of  this  edge  has  been 
cut  away  leaving  only  bearings  near  the  ends  to  support  the  cover 
plate.    There  is  no  objection  to  this  alteration. 

This  des^  is  admittedly  difficult  to  construct.  The  difficulty 
lies  in  the  fact  that  the  projecting  knife-edge  S  interferes  greatly 
vrith  the  normal  polishing  process  of  correcting  the  surface  bb  to 
an  accurate  true  plane  which  is  necessary.  Although  the  piece 
which  has  actually  been  made  is  a  credit  to  the  optician,  consider- 
ing the  difficulty  of  its  construction,  still  the  surface  bb  is  not  as 
perfectly  true  plane  as  could  be  desired. 

This  difficulty  can,  of  cotu'se,  be  obviated  by  making  the  expan- 
sion standard  (a  block  with  its  base  in  the  plane  b'b'  and  its  apex 
at  5,  Fig.  i)  separate  from  the  base  plate.  Indeed,  several 
pieces  of  apparatus  of  this  type  have  been  made  and  used  at  the 
Bureau  of  Standards,  the  expansion  standard  consisting  of  two 
similar  but  separate  posts  or  pins  having  their  position  deter- 

>*  MiUler-FoaOlet,  Ldutmch  der  Fhyaik,  xoth  ed.,  S,  book  s  (Opitik),  ortides  asi-rsss* 
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tnined  by  contact  with  the  base  plate  and  lower  tnirror,  just  as 
the  position  of  the  sample  is  determined.  In  some  cases  the  plate 
between  b'b'  and  b^^b^^  has  been  made  separate  from  the  lower 
mirror  plate  (the  part  between  bb  and  b^  b^.  The  standard  posts 
need  not  even  be  of  the  same  material  as  the  mirror  plate. 

The  only  disadvantage  of  this  design  is  that  the  chance  of  con- 
tact errors  and  accidental  lateral  displacement  of  the  points  of 
support  with  reference  to  the  reference  lines  on  the  lower  mirror 
is  introduced.  These  posts  could,  however,  be  mechanically 
bound  in  place,  but  this  procedure  has  not  actually  been  tried. 
Light  spring  clips  might  suffice.  In  the  case  of  glass  or  fused- 
quartz  apparatus,  the  fusion  method  of  Parker  and  Dallada;^^ 
might  be  used  to  secure  the  standard  posts  to  the  base  plate. 

The  advisability  of  constructing  special  apparatus  such  as 
described  in  this  paper  will,  of  course,  be  determined  by  the  extent 
of  systematic  work  contemplated  in  any  case.  For  a  few  experi- 
ments, it  would  not  be  worth  while;  but  if  large  numbers  of 
samples  are  to  be  examined,  the  special  apparatus  will  soon 
''pay  for  itself"  in  convenience  and  economy  of  time.  One  of 
these  standard  instruments  being  ready,  the  preliminary  adjust- 
ments for  each  separate  determination  will  be  simply: 

1.  Adjustment  of  diameter  of  sample  to  gage  (mechanical 
caliper  test)  in  order  to  give  D  its  standard  value. 

2.  Adjustment  of  length  of  sample,  L«,  to  give  fringes  of  suit- 
able width.  (The  parallelism  of  the  fringes  to  the  reference  lines 
XX  and  ss  is  fixed  by  construction  of  the  instrument.) 

Extensive  data  on  the  use  of  this  apparatus  have  been  obtained 
by  C.  G.  Peters  at  this  Bureau  (See  Sec.  V,  2,  above)  and  it  is 
expected  that  he  will  publish  these  in  the  near  future.  In  the 
meantime,  the  author  would  express  his  appreciation  of  Mr.  Peters' 
work  in  developing  and  perfecting  the  method. 

Washington,  Jime  21,  1919. 

u  FhiL  Mag..  SS,  p.  976;  Harch.  19x7. 
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L  XNTRODncnOH 

The  reseaich  reported  in  this  paper  was  undertaken  as  part  of 
the  Bureau  investigation  of  certain  problems  of  searchlight  il- 
lumination. Gne  of  the  important  aspects  of  searchlight  illumi- 
nation, such  as  the  detelttipg  of  airplanes,  is  a  matter  of  contrast, 
since  the  object  illuminated  by  tli^  sgarch  lamp  must  be  seen  in 
contrast  to  the  diffused  light  in  the  path  ^  ttie  beam,  or  in  con- 
trast to  other  diffused  light.  The  brightness  of  4be  path  of  the 
beam  determines  what  the  brightness  of  a  target  of  day  given 
size  must  be  in  order  that  it  may  be  visible.  This  is  a  matter  of 
the  contrast  sensibility  of  the  eye,  usually  at  low  levels  of  illumi- 
nation. To  obtain  data  bearing  upon  this  point,  laboratory  ex- 
pigments  wer^  performed.' 

n,  GENERAL  METHOD 

The  genevkl  method  followed  was  to  illuminate  a  screen  to  a 
known  amount  sp.  that,  its  brightoess  n^iglit  be  ^oQ|iQ>arable  with 

that  of  tbp  path  of  the  searchlight  I?i^»w-  KpPin  ittii^  SQpepn  was 
projected  a  rectangular  becon  whose  horizontal  width  could  be 
v?rte4^t^)l  ,     i     • 


• 
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The  aspect  then  was  that  of  a  rectangular  strip  of  light  upon  a 
fight  background.  The  length  of  the  strip  was  varied  from 
nothing  to  a  length  which  enabled  the  observer  at  26.3  m  from 
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the  screen  just  to  see  the  patch.  This  length,  togetlier  with  the 
brightness  of  the  screen  and  the  brightness  of  the  strip,  was 
tecorded. 
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Two  series  of  observations  were  made.    In  the  first  series  the 
field  iUummatioii  and  strip  illumination  were  varied  by  steps 
Q  A  in  the  same  ratio,  so  that  a  con- 

stant  contrast  between  the  two 
was  maintained.  In  the  second 
series  the  field  brightness  was  kept 
ccNDStaut,  and  the  strip  brightness 
was  varied  by  steps  thus  giving  a 
varying  contrast. 

m.  APPARATUS 

1.  GRXTBSlAL  DBSCRIPTION 

The  disposition  of  apparatus  for 
these  experiments  is  depicted  in 
Figs.  I  and  2.    The  screen  was 
coated  with  a  white  diffusing  paint 
of  magnedum  oxide  in  water  hav- 
ing dissolved  in  it  a  slight  amount 
of  white  library  paste  as  a  binder. 
This  screen  was  illuminated  by 
mefuis  of  the  locomotive  headlight 
lamp  L,,  Fig.  i,  operated  at  29 
volts.     By  means  of  sectored  disks 
on  the  motor -Af,  the  intensity  of 
the  general  illumination  on  the 
screen  lyas  regulated.    The  lamp, 
L,,  was  inclosed  by  a  metal  cylinder 
'  ^  with  a  suitable  aperture.     An  ad- 
I    ditional  black  screen,  d,  was  placed 
H    just  beyond  the  disk.    These  pre- 
t  cautions  assured  us  that  the  screen 
■^  received  a  negligible  amount  of  il- 
lumination from  the  light-colco^ 
wallsoftheroom.    Tbescteenwas, 
furthermore,surroundedby  a  black- 
cloth  border.    The  projection  lan- 
tern by  means  of  which  the  vari- 
able strip  of  light  was  projected 
upon  the  screen  was  equipped  with 
A—-  .-—  a  miniature  signal lanq>, L„ oper- 

ated at  6  Tolts.    The  two  lamps,  Z.,  and  L„  Fig.  i ,  were  operated  on 
stata^  batteries,   and  voltage  was  kept  constant  to  0.1  volt. 


II 
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The  lantern  was  provided  with  a  bilateral  slit,  whose  construc- 
tion is  shown  in  detail  in  Fig.  3.     Its  chief  parts  were  two  jaws, 
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o^ 
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<  Mil      I   r* 
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rtfetaiw^ 


...  .  '. 

J,  smoothly  displaceaUe  horizontally  in  guides,  9,  unde^  tension 
of  two  spnn^^y  ji.    Th«  displacement  of  the  jaws — that  is,  the 
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opening  of  the  slit — was  varied  by  means  of  a  cord,  c,  attached  to 
the  jaws  and  passing  over  pulleys,  />,  to  the  winch,  w,  operated 
by  the  key,  *.  To  limit  the  aperture  vertically  to  a  required 
height,  a  diaphragm,  Z7,  of  any  desired  width  could  be  inserted 
into  guides,  g.  This  simple  slit  mechanism  when  in  good  con- 
dition gave  entire  satisfaction  for  the  purpose  in  hand.  A  second 
sectored  disk.  Mi,  Fig.  i,  was  placed  before  the  projection  lan- 
tern to  control  the  brightness  of  the  variable  strip.  To  determine 
the  length  of  a  strip  projected  upon  the  screen  a  scale,  T,  Kg.  i , 
was  projected  alongside  of  the  strip  by  means  of  the  tens,  /. 
When  measurements  of  the  length  of  the  strip  w^re  made,  the 
light  from  lamp,  L„  was  eclipsed  by  means  of  a  screen  operated 
by  a  lever  which  simultaneously  closed  the  circuit  with  lamp  L^, 
causing  only  the  strip  and  the  scale  superimposed  to  be  visibte. 
All  the  maniptdation  of  the  sectored  disks,  the  variabte  slit,  and 
the  reading  scale,  as  well  as  the  recording,  was  done  by  one 
operator. 

The  brightness  of  the  screen  and  of  the  strip  were  measured  by 
means  of  a  photometer  (Macbeth)  equipped  with  a  lens,  and 
calibrated  to  read  in  microlamberts.  The  lamp  in  the  lantern 
and  the  lamp  illuminating  the  screen,  and  that  in  the  photometer 
were  adjusted  Ux  a  ook)r  match.'  Measurements  of  the  bright- 
ness of  strip  and  screen  were  made  twice  in  each  night,  viz,  at  the 
beginning  and  end  of  the  observations.  The  calibration  of  the 
photometer  was  usually  checked  once  during  the  night  by  com- 
parison witfi  a  secondary  standard.  The  screen  was  explofBd  for 
uniformity  of  brightness  over  its  entire  area,  and  was  found 
satisfactory  over  the  portion  of  it  that  was  actually  used. 

It  was  somewhat  more  difficult  to  obtain  uniformity  6f  bright^ 
ness  across  the  entire  maximum  length  of  the  strip  because  of 
the  slight  obliquity  of  the  projection.  This  was  accdmplislied 
in  the  following  manner:  A  photograph  was  taken  of  the  0ci«ea 
illuminated  by  means  of  the  projection  lantern  with  the  variabte 
slit  entirely  extended,  and  the  diaphragm,  D,  Pig.  3,  removed* 
The  size  of  the-  picture  was  made  about  the  size  of  the  aperture  in 
the  lantern.  The  negative  was  then  cut  down  to  fit  into  the  slide, 
as  shown  by  5  in  Fig.  3.  The  resultant  distribution  across  the 
strip  was  very  uniform.  The  exposure  of  the  negative  was  short 
so  that  its  absorption  at  the  densest  parts  was  probably  no  mom 

>  It  may  be  pointed  out,  however,  that  whca  the  ftrip  wm  very  niall  ft  iligfat  phytiological  color 
difference  appeftred* 
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than  1 5  per  cent.  This  was  necessary  not  only  to  economize  the 
light  but  to  avoid  appreciable  changes  in  the  brightness  when  the 
strip  length  was  varied.  Within  experimental  errors  the  bright- 
ness of  the  cent^  of  the  strip  when  entirely  extended  and  when 
almost  closed  was  the  same. 

3.  AUZILIART  SCRBBK 

It  has  been  stated  above  that  the  general  illumination  on  the 
screen  was  cut  off  when  the  length  of  the  strip  was  read.  This  was, 
of  course,  subjecting  the  eye  of  the  observer  to  a  variable  and  im- 
certain  state  of  adaptation.  To  avoid  this  an  auxiliary  white 
diffusing  screen  was  used  upon  which  the  eye  of  the  observer  was 
fixed  whenever  the  illumination  on  the  main  screen  was  cut  off 
or  seriously  changed,  as  during  the  time  of  adjusting  the  sectored 
disks.  The  relative  position  of  the  screens  and  observer  is  shown 
in  Fig.  2,  where  Si  is  the  main  screen  and  5,  the  auxiliary  screen 
motmted  upon  a  carriage  which  could  be  moved  to  or  from  the 
observer  at  O,  until  the  brightness  of  it  diie  to  illuminatbn  from 
the  lamp,  Lg,  Fig.  2,  whose  voltage  was  also  controlled  by  the 
observer  at  o,  was  equal  to  the  brightness  of  the  screen  Si-  The 
lamp,  L5,  was  turned  out  by  the  observer  during  the  time  that 
he  was  observing  the  strip  upon  the  screen. 

IV.  OB8BRVINO  CONDITIOISS 

The  observer  was  seated  in  a  room  at  a  distance  of  26.3  m  from 
the  screen  an4  test  strip.  .This  room  could  be  darkened  but  was 
not  eataxely  light-tight.  Skylight  and  moonlight  were  always 
present  to  a  very  small  extent.  However,  since  the  observations 
were,  perforce,  made  after  nightfall  and  before  dawn,  the  effects 
of  the  small  amount  of  stray  light  from  external  sources  were, 
tmdoubtedly,  smaller  than  the  corresponding  effect  of  the  light 
from  the  Ifiunp,  L,,  and  from  the  two  screens,  for  there  was  some 
general  illumination  in  thp  observer's  room  at  all  times  from  both 
oi  the  screens.  The  walls  of  this  room  as  well  as  the  walls  of  the 
adjoining  room  containing  the  auxiliary  screen  and  lamp  were 
all  of  yery  Ught  tint. 

It  i»  of  interest  to  point  out  that  additional  illtmnnation  other 
than  from  the  main  screen  entering  the  observer's  eye,  did  not 
necessarily  decrease  the  sensibility.  It  was  noticed,  for  example, 
that  when  the  auxiliary  screen  was  illtuninated  while  the  strip 
was  observed,  the  strip  became  more  visible.    This  phenomenon 
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is  similar  to  that  observed  by  Nutting,  that  when  the  field  was 
stopped  down  with  black  the  threshold  was  raised.' 

The  observer  used  his  right  eye  only,  having  the  natural  pupil. 
The  left  eye  was  covered  by  a  dark  card  over  the  left  spectacle 
lens  in  case  of  one  observer  (B.EL)  who  wore  glasses.  A  similar 
method  sufficed  for  the  second  observer  (E.P.T.T.)  by  the  use  of 
a  spectacle  frame  without  glasses.  Both  observers  have  had 
considerable  experience  in  photometric  measurements.  Before 
the  subject  began  to  observe  he  remained  under  the  test  condi- 
tions from  10  to  15  minutes  with  the  eye  exposed  to  the  screen  of 
the  brightness  desired  to  begin  the  observations.  To  keep  the 
observer  akrt,  particularly  at  the  lower  contrasts  and  at  low  field 
illumination,  "blank"  settings  were  made  as  follows:  The  slit 
was  entirely  closed  as  when  starting  all  observations;  then  it  was 
announced  to  the  observer  that  he  look  for  the  strip  as  custom- 
arily.  The  slit,  however,  was  not  opened,  so  that  any  strip  seen 
by  the  observer  was  imaginary.  Such  checking  was  made  at  the 
pleasure  of  the  operator  at  irregular  intervals.  When  several 
imaginary  strips  were  reported  for  any  condition  of  the  bright- 
ness or  contrast  and  of  the  physiological  condition  of  the  observer, 
the  observations  were  discontinued  and  resumed  on  spme  suc- 
ceeding day,  if  it  was  desired  to  extend  or  repeat  the  observations. 

The  amotmt  of  the  surface  of  the  screen  and  the  maximtun. 
length  of  the  test  strip  seen  by  the  observer  were  limited  by  inter- 
vening doorways.  T!Tie  mayimnm  length  of  strip  was  about  125 
cm.  The  area  of  screen  actually  used  was  approximately  125  by 
125  cm. 

The  rooms  in  which  these  experiments  were.nmde  were  not 
available  for  this  purpose  during  the  da3rtime.  As  a  consequence 
the  observations  were  usually  made  after  the  observers  had  been 
performing  other  active  duties  for  8  or  10  hours  previously.  The 
disposition  to  manifest  fatigue,  at  times  very  markedly  as  noted 
below,  was,  xmdoubtedly,  due  to  this  fact. 

V.  DATA  OBTAINED 

The  two  methods  by  which  the  two  series  of  observations  pre- 
viously mentioned  were  obtained  are  as  follows: 

I.  The  illumination  on  the  screen  (this  will  be  r^erred  to  as 
the  field  brightness)  is  kept  constant,  while  the  illumination  on 
the  strip  (strip  brightness)  is  varied  by  known  amounts  by  means 

^Traas.  10.  Bag.  Soc.  11,  p.  i;  19x6. 
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of  sectored  disks.  By  this  method  a  relation  is  directly  obtained 
between  the  lei^h  of  strip  and  contrast  between  the  field  and 
strip  for  any  desired  field  brightness. 

2.  The  relative  brightness  of  the  field  and  strip  is  fixed,  and  the 
brightness  of  both  is  reduced  in  known  steps  by  sectored  disks. 
A  relation  is  thus  obtained  directly  between  the  length  of  strip 
and  the  field  brightness  for  any  desired  contrast  between  field 
and  strip. 

Both  of  these  methods  differ  materially  from  the  method  by 
which  Reeves  '  obtaiiied  his  excellent  results,  and  also  differ  from 
that  oi  Koenig.^ 


/to  STmrLCN€fffBl9 

Obtervcr,  B.  P.  T.  T.,  Jane  m,  si,  1919 
Fig.  4. — Relation  between  strip  length  (visual  angle)  and  ratio  cf  brightness  difference  to 

field  brightness 
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microlambcrta;  3.  P.  B.— xtemicrolambcrU 

1.  RESULTS  BT  FIRST  METHOD 


The  data  obtained  by  the  first  method  for  each  of  the  two 
observers  are  given  i|i  curves  of  Pigs.  4  and  5  where  the  strip  length 
is  indicated  along  the  axis  of  abscissae  in  centimeters^  and  in 
terms  of  the  angle  which  this  length  subtended  at  the  observer's 

'J.  Opt  Soc.  Amcr.,  1«  p.  X4S;  19x7. 

•  Fhynoiosical  Opdcs»  p.  135.  The  tcsulU  et  BlaschMd  tbaoid  abo  ht  doUd.  obuiti*!  by  a  dxaflar 
photometric  method  and  ooofinnlng  the  results  of  Koenig,  when  the  intensity  unit  of  the  latter  are  properly 
cvahiated.  These  are  reported  by  Nuttinc  in  TnBis.IlL  80s.  Soc,  ll»pw  9139,  X9z6;  andinJ.PrankLInsL* 
188«p.s87;  1917* 
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eye.  The  contrast  condition  is  indicated  along  the  axis  of  ordinates 
in  tenns  of  the  Fechner  fraction;  that  is,  the  ratio  of  difference 
between  strip  brightness  and  field  brightness  to  the  field  bright- 
ness. A  series  of  observations,  Fig.  4,  for  three  diff&ent  values 
of  the  field  brightness,  viz,  427,  320,  and  160  microlamberts  (/il) 
were  made  by  one  observer  (E.  P.  T.  T.) .  Similar  observations. 
Fig.  5,  were  made  by  the  second  observer  (E.  K.)  with  field  bright- 
ness of  418,  314,  and  157/1I.  For  each  value  of  the  field  bright- 
ness, observations  were  made  both  on  decreasing  and  increasing 
the  strip  illumination.    The  curves  of  Figs.  4  and  5  are  the  average 


ito  smm  LeNenmm 

B.  K.,  June  24.  95. 1919 
Fio.  5.-^i2f  jolian  hitwan  strip  length  (vistial  angU)  and  raUo  cf  brighinus  difference  to 

field  brightness 

curves.  The  values  of  the  strip  length  obtained  on  decreasing  the 
strip  illmmnation  usually  were  smaller  at  any  given  contrast  than 
those  obtained  on  increasing  the  ilhunination.  At  times  this 
*'  lag  "  wa^  very  marked.  It  was  related  to  the  general  physio- 
logical condition  of  the  observer  as  well  as  to  the  immediate  con« 
^fition  of  the  eye  due  to  prolonged  functioning.  These  differences 
ar^  the  fatigue  effects  referred  to  previously.  The  time  required 
to  make  a  complete  series  of  observations  both  for  decreasing 
and  for  increasing  the  dtrip  illumination  lor  a  given  fiekl  bright* 
ness  was  approximately  1.25  hours. 
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It  is  of  interest  to  record  some  typical  cases  of  this  fatigue,  as 
those  in  Fig.  6  for  one  observer  (E.  P.  T.  T.) ;  and  in  Fig.  7  for 
the  second  observer  (£.  K.)«  For  the  latter  is  given  one  extreme 
case  of  this  fatigue  for  a  field  brightness  of  4i8jbd.  A  second 
series  of  ctu-ves  is  given  in  Fig.  8  for  one  observer  (E.  K.)  picturing 
the  data  taken  at  an  earlier  date.  The  field  brightness  was  432, 
324,  and  162/il.  These  curves  are  of  the  same  general  nature  as 
those  given  in  Fig.  5  above,  and  lie  fairly  consistently  with  them. 
In  all  respects  the  external  conditions  were  approximately  the 
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OtMerrcr,  B.  P.  T.  Y.,  June  so,  sx,  19x9 
Flo.  6. — RelaUon  betitfeen  strip  Ungth  (visual  angle)  and  ratio  of  brightness  difference  to 

field  brightness 

same  in  the  two  cases.  The  crossing  of  the  two  curves  for  the 
higher  field  bngjbtness  is  a  result  of  fatigue  and  lack  of  control  of 
the  factor  of  time.  When  fatigued  the  eye  required  a  longer 
time  to  distinguish  the  test  strip. 

In  both  methods  six  observations  and  frequently  more  were 
made  for  each  setting  of  the  sector  disk.  The  time  between  two 
adjustments  of  the  strip  was  approximately  uniform.  The  sUt 
was  opened  at  a  rate  such  that  the  motion  of  the  botmdary  of  the 
strip  of  light  was  imperceptible  to  the  observer.  In  this  con- 
nection it  may  be  noted  that,  in  the  beginning  of  the  experiments 
upon  the  contrast  sensibility,  it  was  attempted  to  record  obser* 
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Observer,  B.  K.,  June  94,  as»  19x9 
Fig.  'J. ^-Relation  between  strip  length  (vimol  angle)  and  ratio  of  brightness  i^erence  to 

field  brightness 
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Obscnrtr;  8.  K.,  June  si,  at,  19x9 
Fko.  S,—ReMon  b^umn  stfip  length  (visual  arngk}  omd  ralw  rf  MghHneu  dijference  $0 

field  brightness 
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vations  of  the  strip  length  when  just  visible,  both  upon  decreasing 
and  upon  increasing  it.  The  strip  length  for  the  former  condition 
was  usually  very  much  less  than  that  for  the  latter.  Such  obser- 
vations with  decreasing  length  of  strip  were  discontinued,  however^ 
for  the  following  reasons: 

I.  The  results  obtained  on  decreasing  the  strip  were  far  more 
erratic  than  those  obtained  on  increasing  the  strip.  The  latter 
could  be  quite  satisfactorily  duplicated  from  day  to  day  when 
conditions  were  the  same*.  The  visibility  of  the  strip  while  de- 
creasing was  more  a  matter  of  attending  to  the  movement  of  the 


Fl&.  i).-^Relaiion  between  field  brightness  and  strip  length  (visual  angle)  ratio  beivmn 

brightness  difference  and  field  brightness 

terminal  boundaries  of  the  strip  even  when  such  movement  was 
slow. 

2.  The  time  leqtiired  was  approximately  doubled  so  that 
greater  fatigue  effects  were  introduced  into  the  observations  that 
were  reliable. 

3.  Much  longer  time  than  could  be  drevoted  to  these  experi- 
ments would  have  been  demanded  in  order  to  obtain  satisfactory 
results  with  the  strip  decreasing. 

The  curves  of  Figs.  4  and  5  are  similar,  and  are  somewhat  sug- 
gestive <i  hypei1x)las,  but  by  test  are  shown  not  to  be  such. 
These  curves  are  t3rpical  of  ctirves  that  are  obtained  under  ap- 
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proodmatdy  the  same  external  conditions.  Tfaese  data  should  not 
be  generally  applied,  but  sunilar  curves  obtained  for  a  large  ntun- 
ber  of  observers  would  be  applicable.  The  necessity  of  a  large 
niunber  of  observers  is  to  eliminate  not  only  difierences  between 
individuals  but  also  to  eliminate  the  variations  for  each  individ- 
ual that  depend  upon  the  physiological  conditions  of  the  eye. 

2.  RESULTS  BT  SBCONl)  METHOD 

The  data  obtained  by  the  second  method  are  somewhat  more 
extensive.  These  are  represented  by  the  curves  of  Figs.  9  and 
lo.    Ordinates  are  values  of  field  brightness,  in  microlamberts; 
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Observer,  B.  P.  T.  T. 
Flo.  10. — Relation  between  field  brightness  and  strip  length 

abscissas  are  lengths  of  the  strip  in  centimeters  with  the  equiva- 
lent visual  angle  subtended  at  the  eye  of  the  observer.  The  rela- 
tion is  given  between  the  visual  angles  and  field  brightness,  for 
ratios  of  difference  in  brightness  to  field  brightness  of  0.0762  to 
0.6^91  for  one  observer,  Fig.  9,  and  from  0.0755  t<^  0.0172  for  the 
second  observer,  Fig.  10.  The  ctures  for  the  two  observers  are 
very  similar.  The  exact  location  of  the  individual  curves  may 
change  with  the  physiological  condition  of  the  observer,  but  they 
are  always  of  the  same  type.  Under  favorable  conditions  the 
curves  could  be  very  closely  duplicated  at  different  times.  The 
data  in  the  curves  were  obtained  in  an  interval  of  10  nights. 
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Sevwal  of  the  curves  are  repetitions  of  curves  ortgixially  obtained 
that  were  obviously  out  of  proper  place  for  reasons  of  fatigue. 

The  curves  giving  the  relationship  between  the  visual  angle  and 
brightness  or  contrast  show  that,  tmder  certain  conditions,  a  very 
small  change  in  the  size  of  the  target  demands  a  very  great  change 
in  contrast  or  field  brightness.  This  relationship  is  such  as  to 
suggest  the  possibility  of  adapting  it  to  the  measurement  of 
distances. 

The  data  given  in  the  curves  were  obtained  with  a  strip  whose 
width  was  fixed  (19.5  cm).  Only  a  few  observations  were  made 
with  a  strip  of  8.5  cm  wide.  These  indicated  that;  first,  for  a 
field  brightness  of  533/*!  where  the  lengths  of  the  strips  are  rela- 
tively small,  the  area  just  visible  was  greater  for  the  narrow  atrip 
than  for  the  wider ;  second,  for  field  brightness  of  200/1!  the  reverse 
was  the  case;  third,  for  intermediate  brightness,  areas  for  the  two 
strips  of  different  widths  were  very  approximately  equal*  When 
making  any  application  of  the  data  the  square  root  of  the  area 
may  be  used  to  obtain  approximately  the  minimum  visual  angle, 
if  it  is  assumed  that  the  area  just  visible  is  independent  of  the 
shape  of  the  target. 

To  see  whether  the  effect  of  the  introduction  of  a  color  contrast 
is  very  marked,  one  set  of  observations  was  made  when  a  deep 
blue  glass  was  placed  before  the  lamp  illuminating  the  field. 
The  field  brightness  was  approximately  90/Lil.  There  was  a  very 
great  color  difference  during  the  measurement  of  the  field  bright- 
ness when  the  glass  was  present*  The  glass  was  then  displaced 
by  a  sectored  disk  of  approximately  the  same  transmission.  The 
length  of  the  strip  was  decidedly  shorter  for  the  former  ccmdition. 

Time  did  not  permit  ptmsuit  in  this  direction  with  greater  refine- 
ment and  detail. 

VL  SUMMART 

1.  Data  on  the  contrast  sensibility  of  the  eye  is  fundamental  in 
searchlight  and  similar  illumination. 

2.  The  relations  between  visual  angle,  contrast,  and  field  bright- 
ness for  two  observers  are  represented  in  groups  of  curves  which 
lie  consistently  with  each  other. 

3.  Por  practical  applications  mean  values  obtained  from  a 
large  number  of  observers  should  be  employed. 

Washington,  August  4,  1919. 
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I.  IHTRODUCTION 

In  practical  water  analysis  the  amount  of  suspended  matter  has 
been  roughly  estimated  by  the  turbidity  of  the  water.  In  order 
to  render  it  possible  for  different  laboratories  to  compare  their 
results  the  water  analysts  of  the  cotmtry  have  adopted  a  standard 
of  turbidity.  This  standard,  however,  has  long  been  considered 
by  them  as  unsatisfactory,  and  so  it  was  thought  advisable  to  in- 
vestigate the  subject  with  the  hope  of  finding  some  way  by  which 
it  could  be  improved.  The  cooperation  of  the  Bureau  was  invited 
by  the  joint  conunittee  on  standard  methods  of  the  American 
Public  Health  Association,  the  American  Chemical  Society,  and 
the  American  Water  Works  Association. 

As  a  first  step  in  this  investigation  the  methods  of  measuring 
turbidity  were  studied,  and  a  turbidimeter  was  designed,  con- 
structed, and  tested.  Requests  were  then  sent  out  to  a  list  of 
about  30  representative  State  and  municipal  water  laboratoties  for 
samples  of  their  standard  turbidity,  and  these  were  intercompared 
with  the  turbidimeter.  At  this  point  the  work  was  discontinued 
and  parts  of  the  apparatus  were  used  on  urgent  military  problems. 
The  present  paper  discusses  some  of  the  properties  of  turbid 
liquids  bearing  on  a  standard  of  ttu-bidity,  and  describes  the 
methods  and  results  of  the  intercomparison. 
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n.  PROPERTIES   OF  TURBID  LIQUIDS 

The  word  turbid  is  derived  from  the  Latin  verb  turbare,  to  dis- 
turb. The  same  meaning  is  attached  to  the  French  troublS,  and 
to  the  German  trube.  Hence  a  turbid  medium  is  one  having  the 
mud  stirred  up.  In  the  scientific  sense  any  medium  containing 
small  particles  in  suspension  is  turbid.  While  the  original  mean- 
ing of  the  word  has  no  direct  reference  to  the  eye,  turbidity  has 
become  associated  with  the  appearance  of  a  turbid  medium.  The 
small  particles  either  reflect  or  scatter  light  in  all  directions,  mak- 
ing their  presence  strikingly  evident. 

The  particles  may  be  of  any  size,  from  lo"*  cm,  which  can  just 
be  seen  individually  withthe  tmaided  eye,  to  lo"*  cm,  or  molecular 
dimensions.  The  smaller  particles  are  in  incessant  Brownian  mo- 
tion. The  smaller  the  particle,  the  greater  is  the  violence  of  this 
motion,  so  that  small  particles  are  continually  coming  into  con- 
tact and  coalescing.  When  they  have  thus  grown  into  relatively 
large  agglomerates  they  settle  to  the  bottom  of  the  vessel  unless 
the  liquid  is  stirred  mechanically  or  by  convection  currents. 

When  material  is  dispersed  into  small  particles  it  presents  an 
enormous  sin^ace,  so  that  there  may  be  a  relatively  large  amount 
of  energy  represented  in  the  smiace  layers.  Surface  phenomena 
would  thus  be  expected  to  play  an  important  part  in  determining 
the  equilibrium.  In  such  cases  the  conditions  of  thermodynamic 
equilibrium  in  dispersed  systems  require,  according  to  Tolman,* 
that  the  particles  shall  all  be  of  the  same  size,  and  for  permanent 
stability  the  surface  tension  between  the  particles  and  the  liquid 
must  be  zero.  It  is  obvious  from  this  that  many  of  the  ordinary 
suspensions  of  solids  in  liquids,  such  as  ^Uca  and  clay  suspensions, 
can  not  be  considered  as  systems  in  thermodjniamic  equilibriiun, 
and  in  fact  it  is  well  known  that  such  suspensions  rapidly  settle 
out  unless  kept  well  stirred.  Very  little  is  known  regarding  the 
amount  of  absorption  of  the  liquid  by  the  dispersed  phase,  but  the 
relatively  large  surface  would  make  such  an  effect  important  if  it 
existed.  In  order  to  have  an  appreciable  concentration  repre- 
sented in  the  particles  enormous  numbers  must  be  present,  because 
each  one  is  so  very  small.  Thus,  for  particles  of  silica  of  density 
2.6,  and  diameter  lo'*  cm,  over  lo*  or  loo  coo  coo  particles  per 
cubic  centifneter  must  be  present  to  produce  a  concentration  of 
io~*,  I  mg  per  liter,  or  as  it  is  commonly  expressed,  i  part  per 
million.     It  is  not  surprising  that  particles  crowded  together  so 

*  R.  C.  Tolman,  Jour.  Am.  Cfaem.  Soc.,  86,  pp.  3x^*333;  Z9Z3' 
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closely  coagulate  unless  forces  are  constantly  at  work  to  keep  them 

separated. 

m.  OPTICS   OF  TURBID   MEDIA 

When  a  turbid  medium  is  illuminated  by  a  beam  of  light, 
each  particle  acts  as  a  secondary  som^ce  of  light.  The  resultant 
intensity  of  the  light  thus  dispersed  by  th€f  particles  in  any  given 
direction  can  be  obtained  only  as  the  result  of  an  exceedingly 
complicated  calculation,  depending  on  the  number,  size,  shape, 
and  distribution  of  the  particles.  Since  light  is  considered  to  be 
an  electromagnetic  wave  disturbance,  the  electrical  constants  of 
the  particles  and  of  the  meditun  must  also  be  taken  into  accotmt. 
From  general  considerations  it  is  obvious  that  the  phenomena, 
when  the  particles  are  larger  than  the  wave  length  of  the  incident 
light,  depend  almost  entirely  upon  reflection  at  the  surface  of 
the  particles;  but  when  the  particles  are  small  compared  with 
the  wave  length  the  volume  of  the  disturbing  particle  is  of  chief 
importance,  and  the  phenomenon  is  then  called  scattering. 

The  simplest  case  is  that  of  a  single  particle  of  infinitesimal 
size  compared  with  the  wave  length  of  light.  The  particle  then 
acts  as  an  electric  osdUator,  performing  forced  vibrations  in  the 
direction  of  the  impressed  force  with  a  certain  amplitude,  a. 
The  oscillator,  therefore,  sends  out  scattered  waves  in  all  direc- 
tions, the  vibrations  being,  of  course,  in  every  case  perpendicular 
to  the  direction  of  the  light,  since  light  waves  are  transverse. 
But  the  component  of  a  normal  to  a  line  making  an  angle  0  with 
the  vibration  is  a'^a  sin  0,  so  that  the  scattered  intensity  in 
this  direction,  measured  by  the  square  of  the  amplitude,  is 

/^  =  fea'2  =  fea»sin»fl  (i) 

Here  the  incident  light  is  regarded  as  plane  polarized.  By  (i) 
the  scattered  intensity  vanishes  when  0=o,  that  is  normally  to 
the  incident  ray,  and  in  the  direction  of  the  incident  vibration, 
in  agreement  with  T)mdairs*  experiment. 

If  the  light  is  unpolarized  it  is  more  convenient  to  consider, 
not  the  direction  of  vibration,  but  the  direction  of  light  propa- 
gation. If  impolarized  light  is  incident  along  the  axis  of  y,  the 
incident  vibration  may  be  regarded  as  compoimded  of  two  vibra- 
tions of  equal  ampKtude  in  the  directions  of  the  axes  of  x  and  z. 
If  the  particle  is  situated  at  the  origin  of  coordinates,  two  vibra- 
tions of  equal  amplitude — a  along  x  and  z — spread  out  in  all 

■^— .^   ■»■■      ■^     *     -^       »   ■-   ■    ^  m^     ^m    M  I       -^    ^-m         ■■<       ■—    >»■■■  —  ■■■■  ■^^^■■  ■  ■  ■■  ^■■■■■■■■ii  i  ■■ 

*  J.  TyndaU,  Cant,  to  Molecukr  Physics,  Api»letoa,  N.  Y.,  p.  431,  1897;  also  Proc.  R.  S.,  106,  2869. 
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directions  from  the  origin  as  from  a  source.    The  components  of 

these  vibrations  perpendicular  to  a  direction  r,  defined  by  the 

angles  a,  /9,  7,  with  the  axes  of  x,  y,  2,  are,  respectively,  a  sin  a 

and  a  sin  7.    The  resultant  intensity  /.,  of  the  scattered  light 

along  r,  is 

J.  «=  fea*  (sin'a  +  sin'7)  (2) 

but  from  geometry  cos'a  +  cos'/3  4- cos^  « i ,  iand  hence 

/.  =  JkaMi+cos^i8)  '  (3) 

This  gives  the  variation  of  the  scattered  intensity  with  the  angle 
between  the  directions  of  the  incident  and  scattered  light.  The 
intensity  is  a  maximum  in  the  direction  of  the  incident  light, 
decreasing  to  one-half  normally,  and  zero  in  the  opposite  direction. 
The  amplitude  of  the  vibration  in  the  scattered  light,  on  either 
the  elastic  solid  theory  or  the  electromagnetic  theory  of  light, 
is  proportional  to  the  volume,  V,  of  the  small  disturbing  particle. 
At  a  distance  r  from  the  particle  the  amplitude  must  be  inversely 
proportional  to  r,  so  that  in  order  to  be  dimensionally  correct, 
the  ratio  of  the  amplitudes  a  of  the  scattered  light  and  Oo  of 
the  incident  Ught  of  wave  length  X  must  be 

ar^Vf  ^*^ 

These  simple  considerations  may  help  to  explain  Rayleigh's 
expression  for  the  intensity  /.  of  the  light  scattered  from  N 
particles  each  of  volume  F,  the  incident  intensity  being  /©  and 
the  wave  length  X.    This  is  • 

Here  n  is  the  refractive  index  of  the  medium,  n'  that  of  the 
particles.  The  particles  are  supposed  to  be  contained  in  such 
a  small  volume  that  the  distance  r  and  the  angle  P  between  the 
scattered  and  incident  beams  are  the  same  for  all  the  particles. 
For  particles  of  difiFerent  size,  all  small  compared  with  the  wave 
length,  a  summation  must  be  made,  requiring  the  size  distribu- 
tion of  the  particles.  When  the  particles  are  not  snmll  compared 
with  the  wave  length,  terms  of  higher  order  must  be  included, 
and  again  the  expression  becomes  complicated. 

No  accoimt  is  taken  in  (5)  of  secondary  scattering.    All  of  the 

light  scattered  by  the  particles  is  supposed  to  reach  the  eye  with- 

« 

*  Lord  lUyleigh,  Scl.  Fftpen,  1,  pp.  87-zxo,  Cunb.  Univ.  Press;  z899- 
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out  loss.  When  the  medium  is  densely  filled  with  particles,  this 
factor  may  become  of  first  importance.  The  fractional  decrease  of 
the  intensity  /  in  traversing  a  thickness,  dx,  of  the  turbid  medium  is 

^--^*  (6) 

where  h\s9,  constant  independent  of  X. 
Integrating 


*•  (7) 


r        T       ^^ 

where  h  is  the  intensity  of  the  light  when  x^o  and  Z.  is  the 
intensity  after  traversing  a  thickness  x. 

The  most  ■  striking  characteristic  of  equations  (5)  and  (7)  is 
the  occurrence  of  the  factor  i A^,  indicating  that  the  scattered 
light  increases  rapidly  as  the  wave  length  decreases.  The  scat- 
tered light  is,  therefore,  much  bluer  than  the  incident  light,  while 
the  blue  is ,  correspondingly  absent  in  the  transmitted  portion, 
which  contains  a  relatively  large  fraction  of  the  red  light.  This 
was  used  by  Rayleigh  to  explain  the  blue  color  of  the  sky,  as  well 
as  the  red  colors  of  the  sunset.  The  blue  color  may  be  used  as 
a  test  of  the  size  of  the  particles  of  any  turbid  medium.  Thus 
the  fine  blue  smoke  from  the  end  of  a  cigar  is  an  indication  that 
the  smoke  particles  are  much  smaller  than  the  wave  length  of 
light.  Tyndall's  test  of  complete  polarization  at  right  angles  to 
the  incident  beam  is  still  more. sensitive. 

Strutt  *  has  recentiy  observed  the  light  scattered  by  the  mole- 
cules of  gases,  and  finds  that  it  is  not  completely  polarized,  as 
demanded  by  the  simple  theory.  He  considers  this  to  be  due  to 
the  departure  of  the  molecules  from  spherical  symmetry.  It  is 
not  necessary  here  to  go  into  the  large  amount  of  research,  both 
theoretical  and  experimental,  that  has  been  done  on  the  optics 
of  tturbid  media.  Enough  has  already  been  given  to  show  that 
these  phenomena  are  very  complicated. 

IV.    TURBIDIMETRY   OF  WATER 

Natural  waters  are  almost  always  foimd  to  have  foreign  matter 
in  suspension.  The  suspended  matter  is  usually  silt  and  clay 
abraded  from  the  soil  over  which  the  water  flows,  and  prevented 
from  settling  by  convection  currents.  Organic  material  is  also 
found,  sometimes  in  large  quantities.  This  is  usually  of  micro- 
scopic size,  and  is  different  from  the  mineral  ingredients  both  in 

4IL  J.  Stnitt,  Pnc.  Rof*  Soc,  9ft»  pp.  tss-zf^t  191& 
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density  and  color.  It  is  obviously  impossible  to  completely 
describe  the  important  properties  of  suspended  matter  composed 
of  particles  of  widely  different  sizes  and  materials  by  means  of  a 
single  quantity.  Turbidity  is,  therefore,  usually  defined  as  the 
mass  of  suspended  matter  per  unit  volume.  In  absolute  cgs 
units  turbidity  is  expressed  in  grams  per  cubic  centimeter,  while 
in  technical  water  analysis  it  is  usually  expressed  in  parts  (by 
weight)  per  million.  The  density  and  size  of  the  suspended 
particles  are  thus  ignored. 

When  the  particles  are  large  it  is  not  difficult  to  remove  them 
from  the  liquid  by  filtering,  washing,  and  dr3nng,  and  then  the 
mass  can  be  determined  directly  by  weighing.  When  the  parti- 
cles are  smaller  than  the  pores  of  the  filter  they  must  be  increased 
in  size  by  some  method  of  coagulation.  If  there  are  no  non- 
volatile substances  in  solution,  it  is  not  necessary  to  filter,  for  the 
volatile  constituents  can  be  removed  by  evaporating  the  medium 
to  dryness  directly.  But  these  methods  are  limited  by  the  pre- 
cision of  the  balance. 

It  is  possible  to  detect,  optically,  the  presence  of  suspended 
matter  when  the  gravimetric  method  fails,  completely.  In  fact, 
it  is  difficult  to  obtain  liquids  which  are  optically  clear,  except 
in  a  few  special  cases.  This  is  particularly  true  of  water.  Optical 
methods  of  measuring  turbidity  are,  therefore,  especially  valuable 
in  the  analysis  of  waters  containing  very  small  traces  of  suspended 
matter. 

The  optical  methods  of  measuring  turbidity  fall  into  two  classes, 
(i)  those  in  which  the  measured  quantity  is  the  thickness  of  the 
turbid  meditmi  required  to  cause  some  standard  object  to  dis- 
appear, and  (2)  those  in  which  the  quantity  measured  is  the 
intensity  of  the  light,  either  reflected  or  scattered  by  the  turbid 
mediiun.  These  may  be  briefly  called  (i)  disappearance  and  (2) 
intensity  methods,  respectively. 

Disappearance  methods  have  arisen  from  the  demands  of 
Tneasurements  in  the  field.  Thus  the  platinum-wire  method,  now 
used  as  the  standard  for  water  analysis,  as  originally  designed  by 
Hazen,*  was  simply  a  pin  stuck  into  a  piece  of  wood  and  lowered 
into  sewage  until  it  vanished.  In  its  present  form  it  is  designed  for 
the  field  assay  of  water.*  Similarly  for  over  a  himdred  years  the 
oceanographer  has  lowered  circular  disks  of  canvas  into  the  sea  to 

•  Hazen,  A..  Filtration  of  Public  Water  Supplies,  3d  ed.,  Wiley  &  Sons.  New  Yoik. 
<  See  Ldshton,  M.  C.  Pield  Assay  of  Water.  U.  S.  Geol.  Surv.,  Water  Supply  and  InisRtioa  Paper  No. 
xsx,  Washington,  D.  C;  rgos. 
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measure  the  depth  at  which  they  disappeared.  This  method  is  an 
obvious  outgrowth  of  the  simple  observation  of  objects  beneath 
the  surface  of  the  sea,  which  in  clear  tropical  waters  are  sometimes 
visible  to  a  depth  of  over  80  fathoms.  The  determining  factors  in 
field  methods  are  simplicity,  speed,  and  ease  of  carrying,  not 
predsbn  and  reliability.  But  even  in  field  methods  the  desire  for 
simplicity  decreases  with  familiarity,  and  the  faults  become  in- 
creasingly evident,  so  that  the  tendency  is  ever  toward  increasing 
precision,  which  usually  involves  more  complicated  apparatus. 
This  is  illustrated  by  the  development  of  the  candle  and  electric 
turbidimeters  for  field  work. 

The  earliest  form  of  laboratory  apparatus  using  the  disappear- 
ance principle  was  the  diaphanometer  designed  by  Homing^  in 
1876.  This  instroment  was  improved  by  Parmelee  and  Ellms,* 
Jackson,  Leighton  *,  and  Weaver  ^®,  and  is  used  in  the  chemical 
laboratory  for  rapid  woik.  It  usually  consists  of  a  cylindrical 
glass  Nessler  tube,  sealed  and  polished  flat  on  the  bottom.  The 
turbid  liquid  is  poured  into  this  until  the  test  object  just  dis- 
appears from  view.  Jackson  and  Leighton  used  for  a  test  object  a 
slit,  0.5  mm.  wide,  in  the  form  of  a  cross  illuminated  from  below  by 
an  electric  lamp,  but  I  am  informed  by  Mr.  Weaver  that  the 
incandescent  filament  of  a  carbon  lamp  gives  a  sharper  and  more 
reproducible  end  point.  The  depth  of  the  liquid  is  then  measured. 
In  order  to  exclude  the  stray  light,  the  turbidity  tube  is  inclosed 
in  a  metal  casing,  which  in  the  Smith  "  form  is  perforated  with  a 
slit  parallel  to  its  axis  and  graduated  so  that  the  depth  can  be  read 
directly  in  parts  per  million.  The  electric  bulb  is  also  inclosed  in  a 
light-tight  metal  chamber. 

The  theory  of  the  disappearance  method  is  very  complicated, 

but  it  is  found  empirically  that  for  particles  of  a  given  size  the 

concentration,  C,  is  related  to  the  depth  z  over  small  ranges  by  an 

expression  of  the  form 

C  =  Jk;^  (8) 

where  k  and  a  are  constants. 

This  equation  will  be  considered  later  in  connection  with  the 
tiurbidity  standard  of  water  analysis.  From  the  optics  of  the 
question  it  is  evident  that  regardless  of  loss  of  definition  the  test 

'  Homins,  G.,  Engmeering  N*ws,  35-36.  p.  a  19;  1896. 

*  Pumdce,  C.  L..  and  BOma,  J.  S..  TechnoloflT  Qittfteily.  It,  pp.  145-164;  1899. 

*  Loc.  dt.    See  note  6. 

1*  R.  S.  McBride  and  B.  R.  Weaver.  Bureau  of  Standards  Tech.  Paper  No.  ao,  p.  36;  19x3. 
u  O.  M.  Smith,  t7.  S.  Patent  Nos.  z,  239,  989>  xo,  July,  Z9X7- 
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object  disappears  when  its  brightness  is  just  equal  to  the  brightness 
of  the  turbid  medium.  Now  its  brightness  depends  upon  (i)  its 
illumination,  (2)  its  reflection  coefficient,  and  (3)  the  fraction  of 
this  reflected  light  transmitted  through  the  medium  to  the  eye. 
Similarly  the  brightness  of  the  turbid  medium  depends  upon  the 
integrated  effect  of  a  host  of  particles,  each  of  whose  differential 
contributions  to  the  brightness  depends  upon  (i)  its  illumination, 
(2)  its  coefficient  of  reflection,  or  of  scattering  if  the  particle  is 
smaller  than  the  wave  length  of  the  light,  and  (3)  the  loss 
in  transmission  to  the  eye.  The  particles  situated  between  the 
test  object  and  the  eye  contribute  light  which  is  superposed  on 
the  image  of  the  object  itself.  In  addition  to  these  tnrightness 
effects  the  definition  of  the  image  of  the  test  object  is  impaired  by 
the  blur  circles  of  images  of  particles  out  of  focus,  and  by  diffraction 
of  the  rays  from  the  test  object  around  the  edges  of  the  particles. 
Disappearance  methods  thus  involve  an  estimation  by  the  eye  of 
brightness  contrast  and  definition.  The  factors  producing  this 
criterion  all  vary  as  we  pass  from  one  disappearance  method  to 
another,  so  that  each  must  be  considered  separately. 

In  the  laboratory  form  of  turbidimeter  described  above,  the 
controlling  factors  are  simplest  and  most  nearly  constant.  This 
is  the  reason  for  its  precision  and  reliability.  The  test  object  is 
an  incandescent  carbon  filament.  The  fraction  of  the  light 
reaching  the  eye  is  given  by  a  decreasing  exponential  function  as 
in  equation  (7).  The  illumination  of  the  suspended  particles 
comes  from  the  slit  which  is  used  as  the  test  object,  or  from  other 
particles  by  secondary  scattering.  The  brightness  of  the  turbid 
mediimi  is  thus  an  integrated  effect  of  all  the  particles.  Since 
the  brightness,  both  of  the  filament  and  of  the  medium,  is  propor- 
tional to  the  intensity  of  the  source,  changes  in  the  voltage  of  the 
lamp  only  influence  the  color  effect.  For  particles  small  enough 
to  obey  Rayleigh's  law  the  source  appears  redder  than  the  medium, 
but  for  large  particles  this  is  not  troublesome  as  the  reflected 
light  is  practically  the  same  for  all  colors. 

Intensity  methods  have  been  developed  to  meet  the  needs  of 
the  laboratory  in  measuring  small  turbidities.  Here  simplicity 
is  not  the  prime  requisite,  and  the  attempt  is  made  to  obtain  the 
utmost  precision  and  reliability.  The  growth  of  such  instruments 
is  quite  recent,  with  the  exception  of  the  nephelometer  of  Rich- 
ards, "  which  appeared  in  its  first  form  in  1894.     It  is  designed 

tt  R.  W.  Riduttds  tnd  R.  C  Wells,  Am.  Chan.  Joar.,  SI,  pp.  aas-Mj;  X904- 
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for  the  photometric  comparison  of  two  turbid  liquids  of  nearly- 
equal  physical  properties  with  high  precision.  In  research  on  the 
optics  of  turbid  media  many  experimenters  have  used  apparatus 
for  measuring  the  intensity  of  light  scattered  by  a  turbid  medium." 

In  191 4  Mecklenburg  and  Valentiner  **  described  a  tyndall- 
meter  by  which  the  Kght  scattered  by  a  turbid  medium  perpen- 
dicularly to  the  incident  beam  can  be  measured.  Recently 
Tolman  **  has  designed  an  instrument  for  measuring  the  turbidity 
of  smokes  as  well  as  of  liquids. 

Intensity  methods  possess  great  advantages  over  disappear- 
ance methods  in  sensitiveness.  They  are  thus  particularly 
adapted  to  the  meastu-ement  of  exceedingly  small  traces  of  tur- 
bidity. The  sensitiveness  is  due  to  the  fact  that  the  eye  never 
views  the  source  of  illumination  directly,  but  only  the  light  scat- 
tered by  the  particles,  against  a  perfectly  black  background.  It 
is  what  is  known  to  the  microscopist  as  dark-ground  iUumination, 
the  principle  underlying  the  design  of  the  ultramicroscope.  A 
source  of  great  intensity  is  used  to  illuminate  the  particles,  and 
the  brightness  of  the  turbid  medium  in  a  given  direction  is  meas- 
ured photometrically.  For  simplicity  the  direction  usually 
chosen  is  that  perpendicular  to  the  incident  beam.  If  the  medium 
is  perfectly  clear,  the  field  is  absolutely  black,  in  spite  of  the  fact 
that  a  powerful  beam  of  light  is  passing  through  the  medium. 

It  is  obvious  that  the  slightest  amotmt  of  stray  light  may  upset 
the  measurement  completely,  so  that  great  care  must  be  taken 
that  the  background  be  absolutely  black,  and  that  any  glass 
surfaces  in  the  field  be  either  perfectly  polished,  free  from  scratches, 
or  be  in  such  a  position  that  the  powerful  beam  does  not  shine 
directly  or  indirectly  upon  them.  Scrupulous  cleanliness  is  also 
required  in  the  cell  containing  the  ttu-bid  medium  to  insure  that 
the  turbidity  is  due,  not  to  the  cell,  but  to  the  medium  itself. 

The  brightness  of  the  turbid  meditun  is  a  complicated  function 
of  the  concentration  of  the  dispersed  phase.  For  particles  of  one 
substance  and  one  size,  small  compared  with  the  wave  length  of 
the  light  employed,  the  brightness  f^  of  a  thin  section  of  the  medium 
would  be  expected  to  be,  from  Rayleigh's  expression  (5) 

B^     kd^Cx  (9) 

1'  See  for  inttaiicc  papets  by  Rayleigh  (zSyi),  Abney  (1866),  Hiuion  (1891),  Lampa  (zS^i),  Barnes  (1903), 
Bhrenhaft  (X903),  Mfiller  (1907),  Bcnce  (1909),  Herxhcixner  (x9ia),  and  Keen  and  Porter  (i9Z4)* 
"  W.  Medclenbnrs  md  S.  Valentiner  Zeitachrift  ftir  Instnunentenkunde;  July,  Z9Z4« 
"  R.  C.  Tolinan,  Jour.  Am.  Chcm.  Soc..  41. 
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where  Bo  is  the  brightness  of  a  comparison  field  illuminated  by 
the  same  source,  C  the  concentration  (mass  per  unit  volume),  d 
the  uniform  diameter  of  the  particles,  x  the  thickness  of  the  sec- 
tion in  the  direction  viewed,  X  the  wave  length  of  light  employed, 
and  k  a  constant.  On  the  other  hand,  for  particles  larger  than 
the  wave  length  of  light  the  brightness  would  be  expected  to  be 
proportional  to  the  total  surface  of  the  particles,  and  to  be  de- 
pendent on  the  color  only  as  the  reflection  coe£Gicient  varies  with 
X.     Thus  for  large  particles 

-B      kCx  (10) 

Bo^   d 

In  ordinary  suspensions  particles  of  many  different  sizes  are  usu- 
ally found.  The  brightness  of  such  a  ttu-bid  medium  depends 
upon  the  size  distribution  of  the  particles  and  may  be  much  more 
complicated  than  either  (9)  or  (10).  Moreover,  the  effect  of 
secondary  scattering  and  reflection,  and  of  absorption,  have  been 
entirely  ignored  in  both  (9)  and  (10)..  For  particles  of  certain 
substances  and  of  sizes  not  negligibly  small  compared  with  the 
wave  length,  the  light  scattered  shows  marked  color  effects, 
usually  ascribed  to  resonance  phenomena  ^*.  It  is  evident  from 
these  considerations  that  the  brightness  of  a  turbid  medium  can 
not  be  taken  as  a  measure  of  the  concentration  except  in  very 
special  cases,  for  it  varies  rapidly  with  the  size  of  the  suspended 
particles. 

The  occurrence  of  many  variables  in  the  expression  for  the 
brightness  of  the  turbid  medium  does  not  impair  its  use  for  the 
comparison  of  turbid  media  similar  in  all  respects  and  only  sUghtly 
different  in  concentration.  It  was  for  just  such  purposes  that 
Richards  and  Wells  used  the  nephelometer.  Two  samples  of 
known  concentration  are  successively  compared  with  the  tmknown, 
the  concentration  of  which  is  obtained  by  interpolation.  Over 
such  small  ranges  the  other  variables  may  be  regarded  as  sensibly 
constant. 

Both  classes  of  optical  methods,  (i)  the  disappearance  and  (2) 
the  intensity  methods,  are  dependent  upon  the  sensitiveness  of  the 
eye.  Both  involve  the  photometric  comparison  of  the  brightnesses 
of  two  adjacent  objects,  but  this  is  complicated  in  disappearance 
methods  by  the  estimation  of  definition.  Under  the  best  condi- 
tions, namely,  (i)  sufficient  illumination,  (2)  exact  juxtaposition 
of  the  two  fields,  and  (3)  perfect  color  match,  the  photometer  is 

>*  See  Wood's  Physical  Optics,  ad  ed.,  Macmillan,  p.  635;  Z914. 
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capable  of  a  precision  of  better  than  one-half  of  i  per  cent.  Very 
slight  departures  from  ideal  conditions  reduce  the  precision 
rapidly  to  not  better  than  i  per  cent. 

In  turbidimetry  the  photometric  conditions  are  often  far  from 
ideal.  With  media  of  slight  turbidity  the  illtmiination  is  below 
that  at  which  the  eye  is  most  sensitive,  with  disappearance  methods 
and  also  with  intensity  methods  unless  a  powerful  beam  of  light 
is  used.  The  selective  action  of  the  turbid  medium  produces  a 
color  which  varies  with  the  sample  measured.  Of  course,  this 
does  not  affect  the  nephelometer,  which  merely  compares  two 
similar  samples,  but  t3n3dallmeters  suffer  from  this  variable  color 
difference  between  the  photometric  fields.  If  monochromatic 
light  is  used  the  loss  in  intensity  seriously  affects  the  sensitiveness. 

In  passing  it  may  be  useful  to  note  that  fbr  the  purposes  of 
chemical  analysis  the  tturbidimeter  is  of  wide  utility,  wherever  it 
is  desired  to  measure  quickly  fine  precipitates  which  do  not  coalesce 
and  settle  rapidly.  For  high  turbidities  the  disappearance  method 
is  very  serviceable,  because  of  its  simplicity  and  precision.  For 
extremely  small  turbidities  it  is  necessary  to  use  an  intensity 
method. 

In  routine  water  analysis  the  turbidity  is  ordinarily  estimated 
by  comparison  of  the  sample  with  the  standard  under  similar  con- 
ditions. The  instructions  given  in  Standard  Methods  of  Water 
Analysis,  191 7,  p£^e  5,  are  as  follows:  ''Comparison  with  the 
standards  shall  be  made  by  viewing  both  standard  and  sample 
sidewise  toward  the  light  by  looking  at  some  object  and  noting  the 
distinctness  with  which  the  margins  of  the  object  can  be  seen." 
The  method  is  thus  essentially  a  distinctness  test,  similar  in  prin- 
ciple to  the  disappearance  methods.  The  sample  and  the  standard 
must  be  in  similar  bottles  or  tubes  and  they  must  be  under  the 
same  illumination. 

In  testing  this  method  the  cylindrical  shape  of  the  bottles  and 
tubes  was  fotmd  unsatisfactory  for  distinctness  judgments.  Cells 
with  parallel  flat  faces  were  preferable.  But  if  care  was  taken  to 
have  tmiform  illumination,  and  the  samples  were  viewed  against  a 
black  screen  with  the  eye  properly  protected  from  the  direct  light, 
satisfactory  results  were  obtained  without  using  any  distinctness 
test.  Turbidity  differences  of  1 5  per  cent  were  almost  certain  of 
detection,  but  some  errors  were  made  in  comparing  turbidities 
differing  by  10  per  cent.  For  the  purposes  intended  the  method 
seems  to  be  quite  satisfactory.     Its  accuracy  can  not  be  greater 
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than  that  of  the  standards  used  for  comparison.  For  tmbidities 
differing  much  in  color  the  distinctness  test  is  pndetable  and  the 
precision  is  much  less. 

V.  TURBIDITY   STANDARD    OF  WATER  ANALYSIS 

As  the  restilt  of  a  comparative  study  of  the  methods  in  use  for 
measuring  the  tturlndity  of  water,  Whipple  and  Jackson^^  recom- 
mended as  the  standard  of  turbidity  water  containing  a  definite 
amount  of  powdered  silica  obtained  from  diatomaceous  earth. 
This  recommendation  has  been  followed  and  now  constitutes  the 
ttirbidity  standard  of  water  analysis.  The  complete  specifica- 
tions for  this  standard  are  given  in  Standard  Methods  of  Water 
Analysis^  third  edition,  published  by  the  American  Public  Health 
Association,  Boston,  191 7,  pages  4  to  9.  The  first  paragraph  is 
as  follows : 

The  staadaid  of  turbidity  shall  be  that  adopted  by  the  United  States  Geological 
Survey,  namely,  a  water  which  contains  100  parts  per  nxilUon  of  silica  in  such  a  state 
of  fineness  that  a  bright  platinum  wire  i  mm  in  diameter  can  just  be  seen  when  the 
center  of  the  wire  is  100  mm  below  the  surface  of  the  water  and  the  eye  of  the  observer 
is  1.3  meters  above  the  wire,  the  observation  being  made  in  the  middle  of  the  day, 
in  the  open  bit,  but  not  in  sunlight,  and  in  a  vessel  so  laige  that  the  sides  do  not  shut 
out  the  light  so  as  to  influence  the  results.  The  turbidity  of  such  water  is  arbitrarily 
fixed  at  100  parts  per  million. 

Comparison  standards  are  obtained  by  dilution  of  a  stock 
suspension  containing  1000  parts  per  i  000  000  by  weight  of  silica. 
Comparison  with  these  standards  is  made  by  noting  the  distinctness 
of  objects  seen  through  the  samples.  The  platinumrwire  methods 
for  regulating  the  fineness  depends  upon  the  fact  that  for  the 
particles  used  the  vanishing  depth  increases  with  the  size  of  par- 
ticle. The  particles  required  to  give  the  proper  reading  are  of 
the  same  size  as  day,  which  is  the  most  important  ingredient 
of  turbid  waters  from  the  standpoint  of  filtration. 

Any  standard  may  be  judged  from  three  points  of  view,  namely, 
(i)  accuracy,  (2)  convenience,  and  (3)  range  of  application.  The 
primary  requisite  of  a  standard,  no  matter  what  its  convenience 
or  range  of  application,  is  suflBdent  accuracy  for  its  reliable  use. 
It  must  be  constant,  permanent,  and  reprodudble.  Given  these, 
the  less  important  qualities  of  convenience  and  range  of  application 
must  be  considered. 

The  present  standard  of  turbidity  for  water  analysis  is  prepared 
according  to  spedfication  in  each  local  laboratory,  introducing 
an  xmnecessary  lack  of  imiformity.     The  regulation  of  the  fineness 

I'  Whipple,  G.  C,  and  Jackioa,  D.  C,  Technology  Quarterly,  IS,  pp.  974-094;  ijyoow 
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by  the  platinum-wire  method  is  relatively  difficult  of  performance, 
and  depends  upon  meterological  conditions  which  are  not  constant. 
Laboratories  are,  therefore,  deterred  from  reproducing  the  stock 
suspension  frequently ;  but  tmf ortunately  the  silica  suspension  is 
not  in  stable  equilibrium,  the  particles  coagulate  slowly,  so  that 
the  standards  decrease  in  turbidity  on  standing.  It  is  appropriate 
and  simple  in  use,  so  that  as  regards  convenience  there  is  little 
to  be  desired.  The  range  of  application  of  the  turbidity  standard 
is,  unfortunately,  limited,  but  this  is  unavoidable,  as  it  is  due  to 
the  complex  nature  of  dispersoids  in  general,  and  particularly  to 
the  wide  variety  of  turbid  waters  which  must  be  utilized  for  water 
supplies.  When  it  is  considered  that  moving  water  carries  in 
suspension  objects  of  weight  increasing  with  the  sixth  power  of  the 
velocity  of  the  current,  it  is  not  surprising  that  natural  waters 
contain  particles  of  widely  diff^ent  sizes.  But  the  same  law  is 
'just  as  efficient  in  allowing  the  larger  particles  to  settle  out  in 
reservoirs  where  the  water  is  still,  leaving  in  suspension  only  some 
of  the  finer  silt,  the  clay,  and  organic  material.  This  varies 
widely  in  color,  according  to  the  nature  of  the  suspended  matter, 
and  colored  samples  are  not  easily  compared  with  the  bluish-white 
standard  silica  suspensions,  even  when  the  criterion  used  is  the 
distinctness  of  objects  seen  through  the  sample.  This  limitation 
has  caused  the  rejection  of  the  standard  in  some  localities. 

The  use  of  the  platinum-wire  method  as  a  means  of  regulating 
the  fineness  of  the  standard  is  the  least  satisfactory  part  of  the 
specification,  from  the  standpoint  of  accuracy.  The  rate  of  change 
of  the  vanishing  depth  with  the  size  of  particle  is  rather  small, 
as  is  the  precision  of  the  reading  itself,  so  that  the  standard  may 
vary  considerably  from  tmiformity  in  size  of  particle.  The  law 
of  the  instnunent  is  rather  complicated  and  seems  to  be  entirely 
empirical.  The  relation  between  the  concentration,  C,  and  the 
vanishing  depth,  2,  is  best  represented  by  the  equation 

C'-ksr''  (8) 

but  this  holds  only  for  small  ranges.  If  this  be  fitted  to  the 
smoothed  data  for  the  turbidity  rod  of  1902,^*  the  formula  (8)  is 
found  to  hold  within  i  per  cent  over  the  ranges  and  with  the 
constants  given  in  Table  i.  The  concentration  is  in  parts  per 
million  by  weight,  the  depth  in  millimeters. 

u  SeeSUndaid  Methods  of  Water  Analysia,  19x7  cd.,  p.  6. 
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TABLE  1 


VaUdnnco 
(parts  per 

roooooo) 

a 

fc 

7-100 

1.11 

1.67  X  10« 

100-200 

1.25 

3.9SX10« 

ZOtMOO 

1.44 

6.67  X  101 

400-600 

1.67 

1.56X  10» 

800-3000 

2.01 

4.42  X  10* 

But  if  the  formula  be  fitted  to  the  pomts  lo  and  3000  parts  per 
million,  the  constants  are  0  =  1.36  and  Jk«8E.5i  Xio*,  and  while 
it  fits  at  the  ends,  it  is  in  error  66  per  cent  at  100  parts  per  million. 
The  simpler  formula  . 

^''^  (II) 


C- 


0-9 


fitted  in  the  same  manner  is  in  error  by  only  14  per  cent  at  100 
parts  per  million.  This  formtila  is  less  satisfactory  theoretically, 
for  it  indicates  that  C  is  infinite  when  0=9,  instead  of  the  proper 
value  of  C,  about  4300.  Moreover,  if  fitted  to  the  ranges  7  to  100 
and  800  to  3000  parts  per  million,  deviations  from  the  observed 
values  of  5  and  .1 2  per  cent  are  found  while  equation  (8)  fits  to  i 
per  cent  over  these  ranges.  Neither  formtila  is  good  enough  for 
practical  use  over  the  whole  range.  For  turbidities  below  100 
parts  per  million  the  concentration  is  roughly  proportional 
inversely  to  the  vanishing  depth,  while  for  turbidities  above  800 
parts  per  million  it  is  nearly  inversely  proportional  to  the  square 
of  the  vanishing  depth.  Between  100  and  800  parts  per  million 
there  is  a  transition  in  a,  the  exponent  of  z,  A  knowledge  of  the 
size  of  particles  used  in  obtaining  the  data  upon  which  this 
calibration  is  based  might  be  of  interest  in  this  connection. 

A  few  experiments  were  made  in  order  to  become  familiar  with 
the  platinum-wire  method.  A  piece  of  platimmi  wire,  i  mm  in 
diameter  (within  less  than  i  per  cent),  and  25  mm  long  was 
sealed  into  the  side  of  a  glass  tube  within  which  was  inserted  a 
millimeter  scale.  The  silica  suspension  was  placed  in  a  liter 
graduate  6  cm  in  diameter  and  40  cm  deep.  This  was  immersed 
in  a  large  glass  vat,  30  cm  in  diameter,  60  cm  deep,  until  the 
level  in  the  vat  was  3  mm  below  that  of  the  liquid  in  the  graduate. 
The  turbidity  rod  was  clamped  in  a  telescope  stand  and  adjusted 
vertically  by  the  eye.  Thus  the  observer  could  lower  the  rod  by 
means  of  a  rack  and  pinion  smoothly  at  any  desired  slowness, 
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and  could  hold  it  indefinitely  at  a  given  point  without  muscular 
effort.  The  turbidity  vat  was  placed  directly  below  a  skylight 
in  an  attic  room  which  gave  diffuse  light  simulating  a  cloud. 
The  turbidity  of  the  liquid  in  the  vat  was  roughly  equal  to  that 
in  the  liter  graduate. 

The  results  of  the  first  day  with  foiu-  observers,  all  experienced 
in  physical  measurements,  are  summarized  in  Table  2.  In  the 
first  coltunn  is  given  the  serial  ntunber  of  the  observer,  in  the 
second  the  number  of  depth  observations  taken  by  him,  in  the 
third  the  mean  of  his  vanishing  depth  readings,  z;  in  the  fourth 
the  average  deviation  of  his  individual  observations  from  his 
mean,  and  in  the  last  column  the  deviations  of  the  means  of  the 
single  observers  from  the  weighted  mean  of  all  the  means. 


TABLE 

2 

Jan.  9, 1914  (obauvw) 

Nmnl^er 

of 

obaeiva- 

Uons 

Mara 

vanlahlng 

depth 

g(mm) 

Avsraffe 
deviatlen. 
single  ob* 
servatkms 

Deviatloni 

fnnn 
woi^hted 

mean 

1 

13 

14 

22 

7 

46.22 
46.13 
43.66 
45.21 

1.23 
2.32 
1.75 
1.39 

1.17 

2 

1.06 

8 

1.39 

4. 

.16 

TOtU  flSd  IVMSCft .  ....•••■•........ 

56 

45.05 

1.42 

.95 

Noxs.— Weighted  mean  45.05^:0.95"' 2.x 

TABT.B  3 

ence^  2.56—1 

r.7  per  ococ. 

Jan.  10,  lbl4  (obMivw) 

number 

of 

otaerva^ 

tions 

Mean 

vanishing 

depth 

Avecsys 
deviation, 
single  ob- 
oofvations 

DHltttaot 

from 

wetgniwi 

mean 

14 

46.03 
46.49 
51.60 
53.58 

47.68 
51.56 

1.77 
1.07 
1.10 
1.25 
2.03 
.80 

2.87 

1.91 

3.20 

5.18 

.73 

3.16 

Totel  and  avenge 

40 

48.40 

1.34 

2.76 

NoTB.— Weighted  mean  48.401: 3. 76-* 5. 7  per  cent;  maximum  difference—  7.S5"- 15.6  per  cent. 

These  results  show  no  systematic  differences  between  the  four 
observers,  who  consistently  reproduced  their  single  observations 
to  3  per  cent,  and  agreed  in  their  mean  results  to  2  per  cent,  the 
maximum  difference  being  less  than  6  per  cent.  The  sim 
appeared  bright  through  a  imiform  mist,   and  remained  the 
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same  from  11.30  a.  m.  to  2.30  p.  m.  during  the  observations. 
There  was  indication  that  the  longer  the  time  occupied  in  making 
an  observation,  the  greater  the  vanishing  depth  obtained. 
The  results  of  the  next  day,  given  in  Table  3,  were  not  so 

favorable. 

An  increase  in  the  reading  seemed  to  occur  with  practice ;  but 
the  results  with  an  observer  (5)  skilled  in  estimating  the  bright- 
ness of  faint  stars  showed  the  most  disconcerting  disagreement. 
These  are  given  in  Table  4. 

TABLB  4 


Jan.  13, 1914  (obMnw) 

Ifmnbaf 

ofobaer- 

vadMB 

MMm 

vanlililiis 
daptti 

davlatknit 

ainglaob- 

iaivatia& 

Innn 
waiiprtad 

1 

6 
5 

6 

53.98 
9&46 

74.22 

LO 
L6 
6.2 

7.87 

1 

5.39 

S 

12.37 

• 

TMil  and  avMaf* 

17 

61.55 

2.9 

&54 

KoTS.— Weigbtcd  mean  6i.55db8.54->z3.9  per  cent;  maximum  difference— 9o.a4>- 39. 7  per  cent. 


The  observer  (5)  took  great  care,  despite  the  discrepancy  in  his 
single  observations.  There  is  no  reason  to  suppose  that  his 
interpretation  of  the  criterion  might  not  be  duplicated  by  other 
observers  preparing  the  standard  according  to  specifications. 

The  experiments  were  performed  merely  to  become  familiar 
with  the  procedure  of  the  platintmi-wire  method.  A  critical 
study  of  the  method  would  require  an  extended  experimental 
investigation.  Nevertheless,  the  restdts  agree  with  those  of  other 
observers. 

The  choice  of  platinum  wire  i  mm  thick  as  the  test  object, 
the  eye  being  placed  at  a  distance  of  1.2  m,  produces  an  image 
so  small  that  it  can  hardly  be  resolved  by  the  eye.  The  limit 
of  resolution  is  usually  taken  as  i  minute  of  arc.  The  bright 
line  on  the  wire  due  to  reflection  probably  does  not  subtend  at 
the  eye  an  arc  of  more  than  3  minutes,  but  the  effect  of  irradia- 
tion tends  to  obliterate  a  fine,  dark  line  on  a  brighter  background. 
Thus,  a  strip  of  black  paper  i  mm  wide  on  a  sheet  of  white  paper 
disappeared  at  about  15  m,  while  a  strip  of  the  same  white  paper 
I  mm  wide  on  a  sheet  of  the  same  black  paper  disappeared  at 
nearly  30  m  under  the  same  conditions.  This  effect,  combined 
with  the  light  superposed  on  the  image  from  the  turbid  medium 
between  the  wire  and  the  eye,  sufficiently  explain  the  failure  of 
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the  wire  to  reappear  as  a  dark  line  in  a  brighter  field  when  low- 
ered below  the  critical  depth,  regardless  of  any  loss  of  definition. 
But  whether  the  criterion  of  disappearance  is  a  matching  of 
brightness,  is  simply  a  loss  of  definition,  or  is  a  combination  of 
both  remains  an  open  question. 

The  turbidity  standard  of  water  analysis  is  regarded  as  tmsat- 
>isfactory  by  many  water  analysts.  Some  consider  it  inaccurate, 
others  inconvenient,  and  others  find  it  inapplicable  to  particular 
water  supplies.  The  question  of  accuracy  obviously  should  be 
considered  first.  Our  preliminary  study  of  the  problem  indicates 
(i)  that  the  theory  is  very  complicated,  (2)  that  the  standards 
would  not  be  expected  to  be  permanent  for  any  length  of  time, 
and  (3)  that  the  preparation  of  the  standard  by  means  of  the 
platinum-^wire  method  at  each  laboratory  would  be  expected  to 
lead  to  considerable  lack  of  uniformity.  An  intercomparison  of 
the  laboratory  standards  was,  therefore,  undertaken  to  determine 
the  accuracy  of  the  present  standards  in  actual  use. 

VI.  DESCRIPTION  OF  TITRBIDIMETER 

The  superiority  of  intensity  methods  of  measuring  turbidity, 
both  from  the  theoipetical  aspect  and  in  the  criterion  which  forms 
the  basis  of  the  measurement,  led  to  the  adoption  of  this  principle 
in  the  design  of  a  turbidimeter  for  the  experimental  investigation. 
After  a  few  experiments  and  a  preliminary  instnmoent^*  had 
been  studied  it  became  evident  that  no  one  instnunent  is  satis- 
factory for  use  over  a  wide  range  of  turbidities.  For  turbidities 
above  10  —  *  g  per  cubic  centimeter  (10  parts  per  i  000000  by 
weight) »  sensitiveness  is  not  the  primary  consideration,  and  such 
iequisites  as  simplicity,  convenience,  and  size  may  be  included. 
Below  10— •  (10  partsper  i  000000)  strict  attention  to  sensitive- 
ness must  be  given.  The  final  design^®  adopted  is  shown  in 
the  photographs,  Figs,  i  and  2.  The  instrument  was  constructed 
in  the  Bureau  instrument  shop  by  H.  C.  Wunder. 

The  essential  purposes  of  the  design — great  sensitiveness,  com- 
bined with  as  wide  a  range  as  possible — required  a  variable 
thickness  of  cell  and  the  measurement  of  the  light  scattered  by 
the  sample  at  a  small  angle  from  the  incident  beam.  It  was  also 
advisable  to  have  this  angle  variable,  in  order  to  be  able  to 
compare  the  scattered  light  from  the  sample  with  the  reflected 

^  This  instrument  was  described  in  a  paper  presented  to  the  Physical  Society.  Apr.  34, 1914.  See  Phys. 
Rev.,  4,  p.  396;  1914. 

*  A.  much  simpler  instrument  would  have  sufficed  for  the  present  investigation,  but  further  research 
was  contemplated  which  led  to  this  design. 
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light  from  an  opaque  surface.  The  instrument  was  not  inclosed, 
in  order  to  give  greater  freedom  for  experiments,  and  also  because 
$tray  light  could  thus  be  better  controlled. 

The  9omx^  of  light  used  was  a  io8-watt  concentrated  filament 
locomotive-headlight  lamp  of  high  efficiency,  taking  5.5  volts. 
The  Tsys  from  the  lamp  were  made  parallel  by  a  cemented  triplet 
lens  5  cm  in  diameter  and  12  cm  in  focal  length.  The  parallel 
beam  thus  produced  passed  through  a  plate-glass  reflector  and 
was  incident  at  a  slight  angle,  usually  20^  from  the  normal  to  the 
face  of  the  cell  containing  the  turbid  sample.  The  intensity  of  the 
scattered  light  was  measured  with  a  Martens  polarization  photom- 
eter placed  in  such  a  position  that  the  axial  ray  of  one  field 
passed  through  the  middle  of  the  cell  containing  the  sample  and 
normally  to  its  face.  In  the  comparison  field  of  the  photometer 
was  a  diffusing  screen  of  ground  opal  glass.  This  was  illuminated 
by  the  reflected  portion  of  the  parallel  beam  from  the  plate-glass 
reflector,  after  passing  through  total  reflecting  prisms  to  provide 
for  the  rotation  of  the  photometer  about  a  vertical  axis. 

The  cell  containing  the  turbid  sample  was  made  so  that  it  could 
be  chemically  cleaned.  A  cylindrical  hole  about  5  cm  in  diameter 
was  bored  through  a  sheet  of  plate  glass  of  the  desired  thickness. 
Thin  sheets  of  plate  glass  were  held  by  compression  against  the 
bored  plate,  foiming  a  cell  of  glass.  The  pressure  was  produced 
by  two  plates  of  brass  with  four  long  bolts.  The  glass  pieces  could 
thus  be  removed,  taken  apart,  and  soaked  in  hot  cleaning  solu- 
tion, washed,  dried,  and  put  tc^ether  with  the  cell  walls,  and  espe- 
cially the  faces,  spotlessly  clean.  A  series  of  these  cells  was  made 
of  thicknesses  varying  from  2  to  38  nmi  to  determine  the 
variation  in  the  reading  with  the  thickness.  The  lamp  house  and 
colHmating  lens,  motmted  on  a  single  sliding  base,  could  be  moved 
away  from  the  photometer  to  make  room  for  long  cells  for  gases. 
The  cells  were  mounted  on  a  plate  supported  by  three  adjusting 
screws,  and  were  placed  against  an  adjustable  stop  so  that  they 
cotdd  be  replaced  quickly  and  accurately  in  the  same  position. 

The  lamp  was  mounted  on  an  adjustable  base  so  that  new  lamps 
could  be  easily  inserted  in  precisely  the  proper  position,  namely, 
so  that  the  filament  was  in  the  optical  axis  of  the  system.  It  was 
inclosed  in  a  ventilated  light-tight  lamp  house.  The  stray  light 
from  the  opening  toward  the  lens  was  absorbed  by  sheets  of  black 
cardboard  properly  placed. 

The  photometer  was  mounted  on  an  arm,  so  that  it  could  be 
rotated  about  a  vertical  axis.     In  this  way  the  optical  axis  of  the 
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Fig.  I. — Tnslramenl  as  used  for  measuring  intensity  of  scalUrei  light  at  angle  of  20° 


Fia.  7. — Inslrvmenl  as  used  for  measuring  light  reflected  from  a  standard  magnesia 
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photometer  could  be  set  at  any  desired  angle  with  the  axis  of 
the  parallel  incident  beam.  An  inclosed  circle,  graduated  in  de- 
grees, was  provided  for  measuring  this  angle.  Fig.  i  shows  the 
instrument  adjusted  for  measuring  the  light  scattered  at  an  angle 
of  20^  by  the  turbid  sample  in  a  cell  38  mm  thick,  the  face  of  which 
was  normal  to  the  optical  axis  of  the  photometer.  Fig.  2,  on  the 
other  hand,  shows  the  instrument  adjusted  for  measuring  the  light 
reflected  by  a  standard  magnesia  surface  normally,  the  parallel 
beam  being  incident  at  an  angle  of  45^.  The  surface  here  is  also 
normal  to  the  photometer  axis.  A  sectored  disk  is  also  shown  in 
this  figure,  which  was  used  for  reducing  the  intensity  of  the  inci- 
dent beam  to  bring  the  brightness  of  the  magnesia  surface  within 
the  range  of  the  photometer. 

The  Martens  polarizatiqn  photometer  is  an  instrument  of  high 
precision,  which  on  account  of  its  convenient  size,  and  design,  is 
very  useful  in  the  optical  laboratory.  It  is  not  as  popular  in  tech- 
nical photometry,  because  there  the  polarization  of  the  light  is  not 
of  interest,  and  this  instrument  measures  the  component  in  one 
plane.  The  two  fields  measured  by  the  photometer  are  each  about 
5^-,  with  their  axes  about  10^  apart.  These  fields  are  brought  into 
precise  juxtaposition  by  means  of  a  biprism  and  their  brightness 
adjusted  to  equality  by  means  of  a  combination  of  a  Wollaston 
prism  as  a  polarizer  and  a  Nicol  prism  as  an  analyzer.  A  circle 
graduated  in  degrees  measures  the  angle  between  the  principal 
planes  of  the  prisms.    The  law  of  the  instrument  is 

i?  =  fetan*«  (12) 

where  R^AJB  is  the  ratio  of  the  component  of  the  bright- 
ness of  one  field  (ilj  tin  the  vertical  plane  to  the  component 
of  the  brightness  of  the  other  field  (B)  in  the  horizontal  plane. 
The  angle  cd  is  that  between  the  principal  planes,  and  is  given 
by  (a^^a+i,  where  a  is  the  observed  angle  and  d  is  the 
displacement  of  the  index  on  the  scale.  When  properly 
adjusted  i  should  be  zero.  The  constant  k  should  equal 
unity  if  the  transmission  of  the  optical  system  of  the  photometer 
is  the  .same  for  both  beams.  It  was  found  that  k  was  equal  to  i 
within  o.i  per  cent.  The  zero  reading  S  cotdd  be  reduced  to  o.i^ 
(less  than  0.2  per  cent) ,  but  it  was  tedious  to  adjust  it  more  closely 
with  the  coarse  adjustment  provided.  It  was  eliminated  very 
easily  by  taking  the  mean  of  the  readings  in  two  adjacent  quad- 
rants. A  careful  study  of  the  instrument  has  shown  it  to  have  a 
precision  imder  the  best  conditions  of  better  than  0.5  per  cent. 


712  Scientific  Papers  of  the  Bureau  of  Standards  [Vd.  ts 

Of  course,  this  is  not  required  in  turbidimetry ,  where  the  precision 
is  limited  by  other  than  photometric  factors. 

The  photometer  readings  are  most  accurate  when  comparing 
two  fields  of  equal  brightness.  When  the  brightness  ratio  exceeds 
300  or  is  less  than  0.03,  the  stray  light  in  the  photometer  appreci- 
ably afiFects  the  reading.  The  range  of  the  photometer  was  then 
extended  by  using  a  sectored  disk.  This  was  made  adjustable 
to  any  transmission  up  to  35  per  cent.  The  circle  was  graduated 
to  read  directly  in  per  cent  transmission,  and  could  be  set  easily 
with  a  precision  equal  to  its  accuracy.  The  edges  of  the  sectors 
were  made  of  steel,  accurately  ground  straight,  and  adjustable 
to  fit  each  other  exactly  when  shut.  The  index  on  the  divided 
circle  was  set  on  zero  when  the  edges  were  in  contact,  eliminating 
any  coirection.  The  whole  disk  was  made  symmetrical  about 
the  axis  to  avoid  any  strains  due  to  centrifugal  action.  It  was 
mounted  directly  on  the  shaft  of  a  o.oi -horsepower  iio-volt 
direct-current  series  motor,  and  rotated  with  a  speed  which 
averaged  about  1670  rpm.  There  were  thus  about  56  flashes 
per  second,  which  is  much  above  flicker  speed.  Yet  at  perfect 
match  it  was  often  possible  to  detect  a  slight  flickering  just  at 
the  dividing  line  between  the  two  fields,  which  disappeared  when 
the  fields  were  not  matched.  The  sectored  disk  was  carefully 
investigated  on  the  precision  circular  dividing  engine  of  the 
Bureau,  especially  with  regard  to  eccentricity  of  the  graduated 
circle  and  the  axis  of  rotation,  and  also  with  regard  to  the  accuracy 
of  the  edges.  In  no  case  was  an  error  in  one  sector  of  more  than 
five  minutes  of  arc  detected,  and  the  average  was  about,  two 
minutes.  But  5' « 0.083®,  ^  ^^^.t  the  minimum  angle  which 
could  be  used  with  a  precision  of  i  per  cent  was  8.3°,  which  corre- 
sponded to  a  transmission  of  4.6  per  cent.  The  sectored  disk  was 
thus  accurate  much  beyond  what  was  required  in  this  work  when 
used  at  transmissions  above  5  per  cent.  Actually  it  was  never 
used  below  8  per  cent. 

The  most  important  optical  consideration  in  any  tiu-bidimeter 
is  stray  light.  This  introduces  constant  errors  which  may  become 
very  serious  with  small  turbidities.  Stray  light  may  come  from 
three  main  somrces,  (i)  reflections  from  the  walls  of  the  instru- 
ment, (2)  reflections  from  the  cell  walls,  and  (3)  imperfections  on 
the  cell  faces.  Reflections  from  the  walls  of  the  instrument  were 
completely  eliminated  by  having  no  walls  visible  in  the  field  of 
the  photometer.  Black  silk  velvet  was  placed  at  a  distance 
opposite  the  photometer  field,  giving  an  absolutely  black  field. 
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Diapfaragms  were  used  to  cut  off  the  inddeiit  light  from  the  cell 
walls.  The  scattefed  light  from  the  turbid  medium  was  reflected 
by  the  walls  back  into  the  medium  again,  causing  a  slight  increase 
in  the  illumination  of  the  particles.  This  must  have  been  a 
second  order  effect,  and  waa  probably  negligible.  The  most 
important  stray  light  was  that  coming  from  scratches  and  par- 
ticles on  the  cell  faces.  When  the  incident  beam  illuminated 
these  faces  a  constant  amount  of  stray  light  was  produced  directly 
in  the  field  of  the  instrument  and  changed  the  zero  reading.  It 
was  corrected  by  taking  the  zero  reading  with  optically  clear 
water.  Doubly  distilled  water  was  used,  which  silways  contained 
plenty  of  turbidity,  and  this  masked  the  zero  reading  due  to  the 
cell  faces  themselves.  With  air  in  the  cell,  the  conditions  were 
not  exactly  comparable,  but  this  gave  a  fairly  good  idea  of  the 
amount  of  stray  light  from  the  faces  themselves.  The  zero 
reading  was  reduced  to  a  minimum  by  using  carefully  polished, 
scratch-free,  optically  clean  glass  faces. 

Vn.  PRELIMINART  BXPERIMENTAL  STUDIES 

In  order  to  test  the  turbidimeter,  it  was  necessary  to  have 
standards  which  remained  constant.  Three  such  standards  were 
used,  designated  Uio,  ^ii»  and  Uj^.  t/io  was  a  piece  of  opal  glass 
faced  with  clear  glass,  to  which  it  was  fused.  The  clear-glass 
faces  were  carefully  polished  optically  flat  by  the  Bureau  optician, 
J.  Clacey.  In  order  to  reduce  the  brightness  of  this,  a  plate 
of  neutral-tint  smoke  glass  was  used.  The  whole  was  properly 
motmted  so  that  it  could  be  placed  in  a  given  position  and 
adjusted  in  the  same  way  as  the  turbidity  cells.  Uu  and  f/u 
were  also  pieces  of  opal  glass,  but  instead  of  clear  glass  both 
faces  were  carefully  ground  with  fine  emery  powder,  producing 
uniform  diffusing  white-glass  surfaces.  The  polished  surfaces  of 
Uio  permitted  of  thorough  cleaning  and  precise  adjustment  of  tts 
faces,  while  the  diffusing  surfaces  of  t/^  and  t/^  were  less  sensi- 
tive to  changes  of  direction  and  parallelism  of  the  incident  beam. 
They  were  also  found  not  to  change  when  the  surfaces  were 
washed  with  soap  and  water. 

It  is  not  necessary  here  to  describe  in  detail  the  tests  made 
with  these  constant  standards  to  determine  the  causes  of  the 
variations  in  the  readings,  the  reproducibility  of  the  adjustments 
and  of  various  parts  of  the  apparatus,  and  the  final  methods 
adopted  for  keeping  the  instrument  in  adjustment.    The  most 
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important  causes  of  variatioii  were  those  due  to  the  souiice  of 
light  and  those  due  to  cleaning  the  various  optical  surfaces. 
A  telescope  focussed  for  parallel  rays  was  used  for  adjusting 
the  filament  of  the  soturce  to  the  principal  focus  of  the  colli- 
mating  lens.  The  optical  axes  of  the  system  were  adjusted  by 
reflection  methods.  It  was  found  that  no  single  adjustment 
determined  the  precision  of  the  instrument.  Table  5  below 
gives  all  the  readings  obtained  dining  a  period  of  two  months 
upon  the  three  standards  t/io>  ^ii>  and  U^  to  discover  a  secular 
change  in  the  standards  or  the  instrument.  The  readings  are 
referred  to  their  mean  values  for  comparison.  Each  reading  i$ 
the  mean  of  10  observations.  During  the  interval  all  the  adjust- 
ments were  remade,  the  optical  surfaces  cleaned,  and  a  new  lanq) 
inserted  and  readjusted. 

TABLB  5. — Constancy  of  Instmment 


Data 

r,* 

r„ 

T7^t 

1.07 

'    1.03 

1.04 

.95 

.97 

.98 

.96 

.97 

.96 

BiMMlimi 

.96 
.98 

.99 

.97 

.99 
.98 

- 

1.07 

1.07 

1.06 

1.05 

1.04 

1.03 

.96 

1 

.96 

.96 

Mfflii  X 

1.00 
4.8 

1.00 
3.S 

1.00 
3.3 

Mnimam  dtfennea  (par 

oeat) 

12.0 

11.0 

10.0 

The  variations  are  due  obviously  to  erratic  changes  in  adjust- 
ment. No  secular  change  in  the  standards  is  noticeable.  The 
variations  in  U^x  and  {/„  are  less  than  those  in  £/|o»  probably 
because  they  were  less  sensitive  to  adjustment  due  to  their 
diffusing  surfaces.  The  standard  Ui^  was  used  over  a  much 
longer  period — seven  months,  including  the  readings  in  Table  5. 
The  average  deviations  of  a  single  reading  from  the  mean  of  all 
(22  readings)  was  4.3  per  cent,  and  Table  5  itself  includes  the 
highest  and  lowest  readings  of  the  whole  series.  In  fact,  if  the 
readings  of  the  first  five  months  only  were  considered,  the  average 
deviation  was  2.2  per  cent,  and  the  maximtim  difference  is  9 
per  cent.  When  the  instrument  was  kept  fixed  in  adjustment  the 
readings  were  more  nearly  constant. 
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A  few  experiments  were  made  upon  silica  suspensipns  to  deter- 
mine the  errors  involved  with  liquid  standards.  The  magnitude 
of  the  zero  reading  due  to  stray  light  from  the  cell  faces  was 
found  to  vary  considerably^  unless  great  care  was  taken  to  wash 
the  cells  as  well  as  the  cell  faces  perfectly  clean.  With  proper 
precautions  the  zero  reading  could  be  kept  below  that  due  to 
a  turbidity  of  10"*  (o.oi  parts  per  i  000  000),  and  with  ordinary 
technique  it  was  below  10"^  (o.i  parts  per  i  000000),  so  that 
without  correction  it  would  introduce  an  error  of  less  than  i 
per  cent  in  turbidities  greater  than  io~'  (10  parts  per  i  000  000). 

A  considerable  error  may  be  introduced  in  the  process  of 
filling  and  wa^bdng  the  turbidity  cells,  to  avoid  which  a  definite 
procedure  must  be  followed.  Washing  the  cells  three  times  with 
doubly  distilled  water,  and  then  once  with  the  sample,  was 
fotmd  to  give  results  better  than  2  per  cent  in  most  cases. 

When  much  time  is  consumed  in  malting  the  observations,  as 
is  usually  necessary  in  photometric  work,  an  error  is  introduced 
due  to  the  settiing  of  coarser  particles  of  the  suspension.  A 
rough  time  run  was  taken  to  determine  the  rate  of  settling  with 
a  standard  suspension  of  io~^  (100  parts  per  million)  concentra- 
tion. The  fractional  rate  of  settling  is.  given  by  ^  =  i-5,  where  5 
is  the  fraction  remaining  in  suspension  after  unit  time.  Thus,  if 
R^  is  the  original  reading,  and  R  the  reading  after  t  minutes, 

R-RoS^  (13) 

The  results  are  given  in  Table  6. 

TABLE  6.— Rata  of  Settling 


Tl]n«  (p.  m.) 

Reading 
R 

LogR 

Logs 

S 

t 

pef  cent 
perminuto 

1.40 

12.95 

12.27 

11.99 

9.05 

1.1123 

1.0688 

1.0788 

.9566 

I    0.9953 

.9980 
.9963 

0.989 

.995 
.996 

1.45 

1.1 

1.50 

.5 

8LO0. 

.4 

It  is  seen  that  for  the  first  five  minutes  the  reading  decreases  at 
the  rate  of  about  i  per  cent  per  minute,  after  which  time  a  steady 
rate  of  about  one-half  of  i  per  cent  per  minute  is  reached.  The 
time  element  is  uncertain  because  the  readings  themselves  require 
about  five  minutes  for  a  series  of  10  photometric  observations. 
The  results  show  that  care  must  always  be  taken  to  shake  the 
standard  suspension  well  immediately  before  the  observations. 
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Here  a  difficulty  is  encountered,  for  shaking  produces  bubbles 
which  increase  the  reading. 

The  most  important  factor  in  the  calibration  of  any  turbidimeter 
is  the  determination  of  the  relation  between  the  reading  and  the 
concentration,  for  every  t3rpe  of  suspension  which  is  to  be  used. 
The  simplest  method  of  obtaining  the  concentration  as  a  function 
of  the  reading  is  to  dilute  the  suspension  by  known  amounts  and 
obtain  the  readings  for  the  successive  dilutions.  The  resulting 
function  may  be  called  the  law  of  dilution.  It  is  assumed  in 
this  procedure  that  the  constitution  of  the  suspension  does  not 
change  on  dilution,  but  the  particles  may  break  up  or  in  some 
way  change  in  size,  involving  in  itself  a  change  of  reading. 

TABLE  7.— Law  of  Dilution 


f*  ■  !■   1            a  ■  ■  tin  m 

ITMrtlnff 

OlM.--Cak. 
^  (P«r etnt 

c 

coble 

Full  per 
mUUan 

5.00X10-* 

2.92 

1.70 

9.90X10-* 

5.76 

3.36 

1.96 

1.14 

6.64X10-' 

3.87 

2.26 

1.31 

7.66X10-* 

4.46 

2.60 

aKmui  ■  •  ■ 

50.0 
29.2 
17.0 

9.90 

5.76 

3.36 

1.96 

1.14 
.664 
.387 
.226 
.131 
.0766 
.0446 
.0260 

103.0 
74.1 
49.0 
31.5 
19.4 
11.9 
7.18 
4.37 
2.63 
1.69 
1.01 
.636 
.394 
.283 
.194 

+11.9 
+  3.5 

-  2.8 

-  5.7 

-  5.4 

-  3.8 
0.0 

+  2,1 
+  6.9 
+  3.0 
+  7.6 
+  5.7 
+  7.4 
-10.4 
-22.5 

6.6 

1 

A  given  thickness  of  cell  is  appropriate  only  for  a  definite  range 
of  turbidities,  and  for  each  cell  thickness  the  constants  in  the 
law  of  dilution  are  different.  The  38  mm  cell  was  fotmd  to  be 
suitable  for  silica  suspensions  of  concentrations  ranging  from 
5  X  lo"*  (50  parts  per  i  000  000)  to .  3  x  lo"*  (0.03  parts  per 
I  000  000) ,  and  over  this  range  the  law  of  dilution  was  obtained. 
A  suspension  containing  5  x  lo"'  (50  parts  per  million)  of  silica 
was  first  read.  Twenty-five  cubic  centimeters  were  removed 
with  a  pipette  and  replaced  by  doubly  distilled  water,  and  as  the 
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total  volume  was  60  cm',  the  concentratioii  was  reduced  by  a 
factor  of  seven-twelfths  at  each  dilution.  The  data  obtained  in 
one  run  are  given  in  Table  7. 

•  The  observed  reading  is  corrected  for  the  displacement  of  the 
photometer  scale  (5=«+o.i4°)  and  for  the  zero  reading  with 
doubly  distilled  water,  which  averaged    1.7X10"*    (0.017   parts 
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Fio.  3. — Shows  relation  between  concentration  (C)  and  turbidimeter  readings  {R) 

per  million).     The  data  are  fitted  fairly  well  by  the  formula 

C-Jk/?«  (14) 

in  which  C  is  the  concentration,  R  the  corrected  turbidimeter 
reading,  and  k  and  a  constants.  The  data  are  plotted  loga- 
rithmically in  Fig.  3,  giving  the  value  a  =  1.194,  ^^e  observed 
values  of  C  differing  from  the  calculated  on  the  average  by  6.6 
per  cent.  In  reality  the  law  is  much  more  complicated,  as  is 
shown  by  the  systematic  deviations  in  the  last  column  of  Table  7. 
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The  results  of  a  trial  run  made  on  the  previous  day  check  fairly 
well,  as  is  shown  in  Table  8,  the  average  difference  between  the 
readings  being  2.2  per  cent.    They  are  also  plotted  in  Fig.  3. 

TABLE  8.— Reproducibility  of  Dilution 


tofie 

difference 

Runl 

Rim2 

2.997 
2.855 
2.678 
2.497 
2.286 
2.082 

3.015 
2.870 
2.690 
2.499 
2.288 
2.075 

+0.018 
+  .015 
+  .012 
+  .002 
+.  002 
-  .007 

.0093 

Mean  t^R  ^  2.2  per  cent. 


VOL  INTERCOMPARISON  OF  STANDARDS  FROM  WATER 

LABORATORIES 

A  list  of  about  30  representative  water  laboratories  was  kindly 
fttmished  by  Dr.  E.  B.  Phelps,  of  the  committee  on  standard 
methods.  Reagent  bottles  of  500  cm  *  capacity  were  washed  and 
cleaned  with  hot  cleaning  solution  (KjCrjOy  and  HjSOJ,  which 
was  left  in  the  bottles  two  days,  being  shaken  at  intervals.  They 
were  then  rinsed  thoroughly  and  left  to  soak  for  about  a  week 
filled  with  distilled  water.  These  were  sent  to  the  laboratories 
and  22  samples  of  standard  turbidity  containing  10  "*  (100  parts 
per  million)  of  silica  were  thus  obtained. 

The  turbidimeter  was  kept  fixed  in  adjustment  throughout  the 
whole  intercomparison.  Reference  standards  U^  and  Z/^  were 
read  at  intervals  to  insure  that  the  adjustment  did  not  change. 
The  readings  referred  to  their  means  are  given  in  Table  9. 

TABLE  9. — Constancy  During  Intercomparison 


Readings 


Mean 

Average  deviation  (per  cent) 

MaThnnin  dUference  (percent). 


Uii 

Lu 

1.00 

1.00 

1.03 

1.00 

.97 

1.02 

1      1.00 

.98 

1.00 

1.00 

1.5 

1.0 

6.0 

4.0 

W$Us] 
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The  variations  are  evidently  accidental,  and  not  due  to  changes 
in  adjustment. 

A  definite  procedure  was  followed  in  reading  the  turbidity 
standards.  In  each  case  the  cell  was  washed  three  times  with 
doubly  distilled  water  and  emptied  with  a  vacmmi  siphon  with 
a  fine  tip  to  suck  the  liquid  from  the  comers.  The  third  washing 
was  read,  giving  the  readings  in  Table  10  marked  D.  D.  HjO. 
The  standard  sample  was  then  carefully  shaken  and  the  cell 
washed  once  with  it.    The  second  filling  was  read,  with  and 


Tyrbidi-fy  R 

Fig.  4. — Shows  the  lack  of  uniformity  in  standards  of  turbidity  used  in  practice 

without  a  green  fiilter  over  the  eyepiece  to  eliminate  small  color 
differences.  Five  samples  were  remeasured  several  times  and 
were  found  to  check  in  every  case  except  one  to  better  than 
3  per  cent,  averaging  1.3  per  cent.  One  reading  was  higher  than 
the  mean  of  three  by  10  per  cent,  probably  due  to  an  error  in 
washing  and  filling,  as  the  sample  was  low  and  the  reading  was 
taken  immediately  after  a  high  sample.  Readings  were  taken 
with  and  without  a  green  filter  over  the  eyepiece,  five  observa- 
tions each,  and  the  means  are  given  in  the  second  and  third 
colmnns  of  Table  10.    The  readings  referred  to  the  mean  of  all 
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which  is  fixed  at  loo,  as  the  standards  were  supposed  to  be  loo 
parts  per  milUon  by  weight.  In  the  last  column  are  given  the 
differences  between  the  readings  without  and  with  the  green 
filter.  The  average  difference  is  3  per  cent,  the  maximtim  10 
per  cent.  These  differences  may  be  due  to  color  variations 
among  the  samples,  but  the  average  reading  with  the  green 
filter  was  10.64,  ^^h  no  filter  10.56,  a  difference  of  0.8  per  cent. 

TABLE  10.— ItttercompTison  of  Standards 


Doablf-distntod  water  (D.  D.  H|0) 


0.9. 
3. 


dtvtetton  (per  cent) 

dUereaoe  (per  cent). 


No  fitter 

Green  fitter 

IMflennee 

107 

106 

+  1 

100 

97 

+  3 

86 

89 

-  3 

118 

118 

0 

85 

83 

+  2 

115 

119 

-4 

114 

108 

+  6 

82 

81 

+  1 

83 

85 

-  2 

153 

162 

-  9 

143 

146 

-  4 

57 

56 

+  1 

107 

97 

+10 

91 

89 

4-  2 

111 

112 

-  1 

124 

126 

-  2 

65 

64 

+  1 

106 

113 

-  7 

92 

90 

+  2 

63 

62 

+  1 

101 

103 

-  2 

96 

94 

+  2 

100 

100 

•  •   V  « 

18 

19 

3 

96 

107 

10 

The  readings  without  filter  are  presented  graphically  in  Fig.  4, 
which  is  a  Galton  ogive  curve,  or  "direct  plot."  The  abdssas 
are  the  readings  J?,  ordinates,  the  number  of  readings  above  R; 
each  reading  thus  being  given  an  equal  ordinate  spacing,  and 
arranged  in  order  of  magnitude. 

The  results  show  a  rather  serious  lack  of  uniformity  in  the 
turbidity  standard  actually  in  use.  It  was  at  first  suspected 
that  this  was  due  to  variations  in  the  methods  of  preparation, 
such  as  the  use  of  diatomaceous  earth,  local  clays^  the  candle 
turbidimeter,  etc.,  but  a  study  of  the  results  indicates  that  they 
are  due  to  chance  irregularities,  not  to  systematic  differences  of 
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method*  The  lowest  three  and  the  highest  two  readings  fall 
apart  from  the  rest,  ^d  are  perhaps  exceptional,  but  omitting 
these  five,  the  variation  in  average  deviation  — 11  per  cent  and 
mayimnm  difference »42  per  cent.  It  is  interesting  to  note  that 
both  the  highest  and  lowest  results  are  from  the  same  city. 

DL  CONCLUSION 

The  foregoing  study  of  the  present  standard  of  turbidity  in 
water  analysis  has  shown  it  to  be  inaccurate,  the  variations  from 
the  average  amounting  in  some  cases  to  over  50  per  cent.  This 
could  be  eliminated  largely  by  the  simple  expedient  of  having  all 
these  standards  prepared  by  the  Bureau  of  Standards,  without 
changing  the  specifications  at  all.  But  if  the  standards  were  thus 
centrally  prepared,  it  would  not  be  necessary  to  use  the  platinum- 
wire  method  for  regulating  the  size  of  the  particles.  Simplicity 
could  be  sacrificed  for  precision  in  preparing  the  standard.  This 
would  require  no  change  in  the  routine  laboratory  comparison  of 
the  unknown  with  the  standard.  Regardless  of  the  questions  of 
convenience  and  range,  there  seems  to  be  no  reason  why  the 
standard  should  not  be  made  precise  to  at  least  10  per  cent. 

There  is  a  possibility  that  standard  samples  of  dry  powdered 
silica  can  be  prepared  sufficiently  uniform  in  size  of  particle  to 
use  directly.  In  this  case  certified  samples  can  be  ftunished  the 
water  laboratories,  where  it  would  be  necessary  only  to  suspend 
the  appropriate  amount  in  distilled  water.  This  question  is  now 
being  investigated. 

The  constant  advice  and  encouragement  of  W.  F.  Wells,  who 
first  brought  the  problem  of  turbidity  standardization  to  the 
attention  of  the  author;  the  assistance  of  Prof.  £.  B.  Phelps  in 
furnishing  a  list  of  representative  water  laboratories;  and  the 
cooperation  of  the  water  laboratories  in  furnishing  samples  of 
their  standard  ttu-bidity  and  in  giving  their  opinions  respecting  the 
standard,  are  acknowledged. 

Washington,  April  25, 1919. 
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I.  INTRODUCTION 

Previous  papers^  have  discussed  measurements  made  in  this 
laboratory  of  ionization  and  resonance  potentials  of  a  number  of 
metals, 

A  continuation  of  this  work  has  led  to  satisfactory  results  for 
lead  and  calcium. 

The  method  of  measurement  employed  has  been  described  in 
detail  elsewhere.  The  metal  is  boiled  at  low  presstue  in  a  vacuum 
tube  containing  a  Wehnelt  cathode  surrotmded  by  a  cylindrical 
grid  and  plate.  Between  the  cathode  and  grid  is  placed  a  variable 
potential  to  accelerate  the  electron  current  from  the  cathode, 
while  a  small  retarding  field  is  fixed  between  the  grid  and  plate. 
Measurement  of  the  total  current,  leaving  the  cathode  as  the 
accelerating  potential  is  increased^  shows  a  sudden  increase  in 
the  current  when  the  ionization  point  is  reached  on  account  of 
the  direct  effect  of  ionization  and  the  indirect  effect  of  positive 
charges  on  the  electric  field.  The  ''  partial  current "  reaching  the 
plate  against  a  small  retarding  field  decreases  when  the  electrons 
near  the  grid  lose  nearly  all  their  velocity  by  inelastic  impact  with 
vapor  molecules.  The  curve  of  ''partial  current"  versus  acceler- 
ating potential  shows  a  series  of  drops  in  the  cturent  at  equal 
voltage  intervals.  This  interval  is  equal  to  the  resonance  poten- 
tial, and  the  distance  of  the  first  drop  from  the  origin  is  the  reso- 
nance potential,  minus  the  initial  velocity  in  volts,  of  electrons 
leaving  the  cathode.  The  initial  velocity  correction  added  to 
the  applied  potential  at  the  ionization  point  gives  the  ionization 
potential. 

1  Tate  and  Foote,  Pbil.  Mag.,  M,  p.  64:  x9iS-  Bur.  Stda.  Sd.  Pap.  3x7.  Poote  and  Mohkr,  Pldl.  If  as., 
t7,  p.  33;  29x9.  Joar.  Wash.  Acad.  Sd.,  8,  p.  513;  19x8.  Poote  and  Rognky  and  Mohkr,  Phys.  Rer.t 
IS.  P*  591  X9X0. 
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This  interpretation  of  the  partial-cturent  ctirves  is  based  on 
two  assumptions: 

(a)  That,  when  the  velocity  of  an  electron  is  less  than  that  cor- 
responding to  the  resonance  potential,  collisions  are  elastic. 

(6)  That,  when  equal  to  or  greater  than  the  resonance  potential, 
the  velocity  lost  at  collision  is  equal  to  the  resonance  potential. 

The  first  assumption  is  almost  certainly  justified,  although  no 
direct  measurements  of  velocity  lost  by  collision  with  metal 
molecules  have  been  made.  The  second  assumption  seems  to 
agree  with  all  experimental  results,  but  the  evidence  available 
does  not  exclude  other  hypotheses. 

If  the  transfer  of  energy  from  an  electron  in  passing  through  an 
atom  is  analogous  to  mechanical  resonance  phenomena,  an  elec- 
tron with  velocity  equal  to  or  twice  or  three  times  the  resonance 
velocity  will  lose  some  kinetic  energy  in  passing  through,  thus 
giving  rise  to  the  successive  inflections  in  the  current  curve. 
These  mflections  in  this  case  would  be  much  more  marked  if  the 

« 

retarding  field  between  the  grid  and  the  plate  were  nearly  as  large 
as  the  accelerating  field  between  the  cathode  and  grid,  for  most 
of  the  electrons  would  lose  only  a  small  part  of  their  velocity. 
Experiment,  however,  shows  that  the  partial-current  curve  is 
not  noticeably  changed  by  increasing  the  retarding  field  above 
a  fraction  of  a  volt. 

An  entirely  different  hypothesis  to  explain  the  decrease  in  the 
partial  current  at  the  resonance  potential  is  that  radiation  at 
this  voltage  causes  a  photo-electric  current  between  the  plate  and 
grid  opposite  in  direction  to  the  original  electron  current.  The 
experiments  of  Davis  and  Goucher'  with  mercury  vapor  prove 
that  such  a  current  exists  and  increases  by  steps  equal  to  the 
resonance  potential.  However,  experiments  in  this  laboratory 
with  an  ionization  chamber  of  the  type  used  by  Davis  and  Goucher 
show  that  when  the  partial  current  gives  strong  inflection  and  full 
scale  deflection  on  a  shunted  galvanometer  the  photo-electric  cur- 
rent is  immeasurably  small.  The  effect  is  probably  of  negligible 
import£mce  in  all  our  experiments. 

Another  possible  explanation  of  the  inflections  suggested  by 
the  work  of  Akesson*  is  that  electrons  with  velocity  several  times 
the  resonance  potential  may  lose  several  "quanta"  of  energy  at 
one  collision.  Akesson's  conclusions  are  based  on  experiments 
with  nonmetallic  gases,  and  the  authors  doubt  whether  he  has 
conclusively  proven  this  important  point.    A  quantitative  study 

*  Phys.  Rev.,  10,  p.  lox;  1917.  *  Lunds  Univcnitets  Anskrift,  NP,  Ayd,  *  Bd,  xa,  Nr  xx. 
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of  partial  and  total  currents  in  a  metallic  vapor  at  various  known 

pressures  may  answer  this  and  other  important  questions  definitely. 

The  changes  observed  in  partial-current  curves  as  the  vapor 

density  is  increased  indicate  that  Akesson*s  asstunption  is  not 

necessary  to  explain  the  facts;  but  no  crucial  test  has  yet  been 

made. 

n.  APPARATUS 

The  difiSculties  in  experiments  with  calcium  and  lead  arise 
largely  from  the  high  temperatiu^  necessary  for  vaporization. 
The  lead  was  heated  to  about  1050^  C  and  the  calcium  to  about 
950®  C;  but  the  latter  metal  is  more  difficult  to  handle  on  account 
of  the  chemical  action  of  its  vapor  on  quartz  or  porcelain. 

The  vacuum  tubes  were  about  3  cm  in  diameter  and  35  cm  long, 
closed  at  the  bottom,  and  with  a  brass  plate  which  supported  the 
electrodes  sealed  in  the  top.  The  grid  was  a  cylinder  of  iron  gauze 
about  half  the  diameter  of  the  tube,  the  outer  electrode  usually  a 
short  cylinder  of  thin  sheet  steel  of  nearly  the  diameter  of  the  tube. 
These  were  supported  by  iron  rods  sealed  in  the  top  plate  while 
the  cathode  was  suspended  from  a  grotmd  glass  joint. 

A  successful  experiment  with  calcium  was  made  with  a  fused 
quartz  tube  and  electrodes  as  described  above,  but  the  condensed 
calcium  stuck  to  the  quartz  and  broke  it  when  the  tube  cooled. 
Further  experiments  were  made  witii  a  tube  of  glazed  porcelain, 
and  an  inner  protecting  tube  of  thin  steel  fitting  the  porcelain  tube 
snugly  and  reaching  nearly  to  the  top.  This  tube  served  as  the 
outer  electrode,  and  at  the  same  time  protected  the  porcelain  from 
the  hot  calcium.  Porcelain  tubes  with  outer  electrodes  of  the 
t3rpe  first  described  were  satisfactory  for  lead. 

The  greatest  difficulty  at  high  temperature  is  the  large  electric 

leak  due  to  emission  of  electricity  from  the  plate  and  grid.    The 

only  remedy  is  to  employ  relatively  large  electron  currents. 

With  calcium  we  used  a  hot  wire  cathode  consisting  of  a  loop  of 

molybdenum  wire  coated  with  calcium  oxide.    This  was  welded  to 

slightly  larger  tungsten  leads  run  through  pyrex-glass  insulating 
tubes  to  avoid  short-circuiting  by  condensing  calcium.    A  similar 

electron  source  was  tried  in  lead,  but  an  equipotential  surface 
gave  much  better  results.  A  tube  of  sheet  steel  6  mm  in  diameter 
coated  with  calcitun  oxide  served  as  the  surface.  This  fitted  over  a 
thin- walled  porcelain  tube  in  which  a  heating  coil  of  molybdenum 
was  mounted. 

Cturent  was  meastu'ed  on  a  shunted  galvanometer  with  sensi- 
bility ranging  from  io~^  to  lo''  amperes  per  mm. 
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The  lower  part  of  the  containing  tube  was  heated  in  a  tube  re- 
sistance furnace  wound  with  chromel  wire,  while  its  top  was  water 
cooled.  The  space  between  the  ionization  chamber  and  furnace 
tube  was  filled  with  sand  to  make  the  rate  of  cooling  small  when 
the  heating  circuit  was  broken,  as  was  necessary  while  observa- 
tions were  being  taken.  Temperature  was  measured  by  a  ther- 
mocouple in  the  sand. 

The  vacuum  was  maintained  by  glass  mercury-vapor  pumps  of 
the  tyi^  designed  by  one  of  the  authors.*  With  lead  in  the  vac- 
uum tube  at  looo^  C  the  gas  pressure  was  never  less  than  0.002  mm, 
but  with  calciiun  very  high  vacua  were  easily  obtained.  Gas  was 
rapidly  evolved  tmtil  a  temperatture  of  about  600**  C  was  reached, 
but  above  this  point  the  gas  was  absorbed  by  the  calcium  and  the 
pressure  dropped  quickly  to  less  than  o.oooi  mm. 

m.  OBSERVATIONS. 

Fig.  I  gives  some  of  the  ciuves  of  partial  and  total  cmrent 
versus  accelerating  potential  in  lead  vapor.  Curves  4,  14,  20,  26 
are  total  current,  and  curves  i,  3,  10,  19,  23  partial  current  reach- 
ing the  outer  electrodes.  In  Table  i  are  given  the  results  from  19 
partial-current  curves  and  1 2  total-current  curves. 

The  results  from  all  the  curves  in  which  the  inflections  were  sharp 
enough  for  meastu'ement  are  tabulated,  and  the  ciu^es  in  the  figure 
are  typical.  The  total  cinrent  showed  ionization  when  the  tem- 
perature reached  900®  C,  but  most  of  the  data  were  obtained  in  the 
range  950  to  1050®  C.  Through  a  window  in  the  top  plate  of  the 
vacuum  tube  it  was  possible  to  observe  the  arc  at  potentials  above 
the  ionization  point.  The  arc  was  blue  in  color,  due,  probably,  to 
the  line  X  =  4058  A. 

Fig.  2  gives  typical  curves  of  total  and  partial  current  in  calcium 
vapor.  Curves  8,  18,  and  22  are  total  current,  and  cmves  i,  3,  9, 
14,  and  15  partial  current.  In  Table  2  the  points  of  inflection 
in  1 1  total-cturent  etudes  and  1 1  partial-current  cmves  are  given. 

Some  vaporization  was  visible,  at  600**  C,  and  the  ionization 
point  showed  at  700®  C.  The  curves  were  obtained  between  800  and 
900°  C.  The  pressure  was  very  low  except  in  the  case  of  curve 
9,  when  the  pump  was  stopped  and  a  pressure  of  0.02  mm  was 
reached.  The  sunilarity  of  this  curve  to  the  others  shows  that  when 
the  metal  is  vaporizing  rapidly  traces  of  gas  do  not  affect  the  results. 
The  gas  is  cleaned  out  of  the  hot  part  of  the  tube  by  the  current 
of  vapor  to  an  extent  far  in  excess  of  the  indicated  gas  pressure. 

*  Wuh.  Acad,  of  Sd.  Joar.,  7,  p.  477:  19x7. 
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Fio.  I. — Electron  currents  in  lead  vapor 
4,14.  so,  and  96"  total  cnrrcat";  curves  1,3.  se^  19*  and  aj"  partial 
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Fio.  2. — Electron  currents  in  calcium  vapor 
Carres 8,  x8,  and  it  "total  current";  curves  x,  3, 9, 14,  and  15  "partial  curreat". 
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As  already  noted,  the  current  in  lead  was  obtained  from  an 
equipotential  source,  while  in  calcium  an  incandescent  wire  was 
used.  The  current  from  a  hot  wire  does  not  approach  saturation 
in  this  range  of  voltage,  while  with  an  equipotential  source  satu- 
ration is  approached  with  a  few  volts.  This  is  the  chief  advantage 
of  an  equipotential  surface  when  inelastic  impact  occurs  at  a  low 
voltage.  The  difference  in  type  of  the  two  sets  of  curves  is  in 
part  explained  by  this  fact. 

IV.  DISCUSSION  OF  RESULTS  WITH  LEAD 

The  points  of  inflection  in  the  current-voltage  curves  for  lead 
shown  in  Table  i  give  a  mean  value  of  i  .26  volts  for  the  resonance 
potential  and  7.93  volts  for  the  ionization  potential.  The  initial 
velocity  correction  to  be  added  to  the  applied  potential  to  give 
the  ionization  potential  is  taken  in  each  case  from  the  preceding 
or  following  partial-cmrent  curve,  as  varying  conditions  change 
this  correction  noticeably  during  the  observations. 

No  series  relations  have  been  found  as  yet  in  the  lead  spectrum, 
nor  is  there  anything  known  of  fundamental  frequencies  in  any  of 
the  metals  in  this  column  of  the  periodic  table.  In  metals  pre- 
viously studied  the  quantmn  relation  Ve=hv  has  been  foimd  to 
hold  where  V  is  the  resonance  or  ionization  potential,  v  a  fun- 
damental frequency  in  the  spectrum,  e  the  electron  charge,  and  h 
Planck's  constant  of  action.  Taking  e  « 4.774 Xio**®,  A  =  6.547  X 
10-27,  and  the  velocity  of  light  =»  2.999  +  io*<^, 

X  =  i2334/F 

when  V  is  measured  in  volts  and  X  in  Angstrom  imits. 

The  value  of  V,  corresponding  to  the  resonance  potential,  is  the 
frequency  of  a  jwominent  spectnun  line,  the  first  line  of  a  prin- 
cipal series  or  combination  series  in  the  metals  so  far  studied. 
The  litnititig  frequency  of  this  series  gives  the  value  of  v,  cor- 
responding to  the  observed  ionization  potential,  except  in  the 

case  of  thallium. 

The  resonance  potential  V  ==1.26  volts  makes  X  =  98oo  A,  with 
a  possible  error  of  800A  or  o.i  volt.  The  single-line  spectnun  of 
lead,  if  such  exists,  should  be  in  this  region.  Thermopile  measure- 
ments of  the  lead  spectrum  by  Randall » show  an  isolated  group  of 
strong  lines  near  this  point  and  the  shortest  wave-length  line  of 
the  group  X  =  io  291  agrees  with  our  prediction  within  experi- 
mental error.  

•  Astro.  Phys.  Jour.,  W,  p.  i;  19". 
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a 
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1 

0.4 
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1.25 

1.25 

0.86 

2 

6.8 
6.8 

7.66 

3 

.4 

1.7 

3.1 

4.2 

1.3 

1.4 

1.1 

.86 

4 

7.66 

5 

.7 

1.9 

3.3 

1.2 

1.4 

.56 

6 

7.4 

7.96 

7 

.7 
.6 

2.0 
1.9 

1.3 

1.3 

.56 

.66 

a 

9 

7.6 
7.2 

8.26 

10 

.6 

1.85 

3.2 

4.4 

1.25 

1.35 

1.3 

.66 

11 

8.01 

12 

.45 

.45 

1.8 
1.6 

3.05 
2.8 

1.35 
1.15 

1.25 

1.2 

1.3 

.81 
.81 

13 

4.1 

7.2 

14 

7.99 

15 

.5 
.5 

1.6 
1.9 

1.1 
1.4 

.96 
.76 

16 

3.2 

1.3 

17 

7.2 

7.96 

18 

.5 
.5 

1.8 
1.8 

3.0 
3.2 

1.3 
1.3 

1.2 

1.4 

.76 
.76 

19 

20 

7.4 

8.16 

21 

.4 
.4 
.5 

1.6 
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1.6 
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2.7 
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1.1 
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1.1 
1.2 
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6.7 
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7.96 
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.86 

26 

7.66 

27 

.2 

1.35 

2.8 

4.0 

1.15 

•    1.45 

1.2 

1.06 

28 

7.86 

29 

.1 

1.3 

2.6 

1.2 

1 

1.3 

1.16 

30 

7.0 

8.16 

31 

.1 

1.3 

2.6 

3.9 

1.2 

1.3 

1.3 

1.16 

If  can  rcaonance  potential,  z.a6  volts. 
Mean  kmiiatioii  potential,  7.93  volts. 

The  ionization  potential  corresponds  to  X  =  i550.  This  may 
be  the  limit  of  a  series  of  which  X  =»  lo  291  is  the  first  line;  but  it 
is  noticeable  that  the  frequency  ratio  between  the  first  line  and 
limit  of  such  a  series  would  be  much  greater  than  in  the  usual 
type.  In  nearly  all  known  series  the  ratio  of  frequencies  is  between 
2  and  3  while  this  is  nearly  7.  In  the  case  of  thallium  alone  we 
found  that  ionization  was  not  determined  by  the  limit  of  a  princi- 
pal series;  but  our  results  have  shown  that  there  is  little  basis 
for  reasoning  by  analogy  when  we  are  dealing  with  metals  in 
different  columns  of  the  periodic  table.  If  X  « 10  291  is  the  single- 
line  spectrum,  we  are  able  to  compute  an  accurate  value  for  the 
resonance  potential.    The  above  data  thus  give  V«i.i98  volts. 
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V.  DISCUSSION  OF  RESULTS  WITH  CALCIUM 

In  Table  2  is  presented  a  summary  analysis  of  the  curves 
obtained  with  calcium  vapor.  The  tabulation  of  these  inflec- 
tional points  in  the  partial-current  curves  appears  to  indicate  a 
resonance  potential  of  about  i  volt,  but  inspection  of  the  curves 
on  Fig.  2  shows  that  strong  inflections  occur  at  2-volt  intervals 
with  less  marked,  intermediate  inflections.  Such  curves  may  be 
explained  by  the  existence  of  2  resonance  potentials. 


TARLK  2.— 

Resonance  and  Ionization  Potentials  in 

Calcium 

Ciuva 

Ap^kd  potentiali  at  reMnumce 

At 
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ReMiuxice 
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velocity 
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b 

c 

d 

e 

f 
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1 

1.4 

2.4 

3.2 

4.2 

5.2 

6.8 
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5.6 
5.5 

1.6 

2.8 

0.5 

2 

6.0 

3 

1.4 

2.6 

3.2 

5.2 
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1.8 

.5 

4 

6.1 

5 

» 

6.0 

6 

1.6 
1.4 

2.6 

3.2 
3.6 

4.4 
4.6 

5.6 
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1.6 
Z.2 

2.8 
3.2 

.3 

.5 

7 

8 

6.0 

5.5 

5.8 

6.6 

9 

1.5 

2.8 

3.5 

4.4 

5.5 

6.8 

2.0 

2.9 

.4 

10 

5.9 

11 

'"***'*" 

6.2 

12 

1.6 
1.4 
1.5 
1.4 

2.6 
2.4 
2.5 
2.4 

3.6 
3.3 
3.4 
8.3 

4.2 
4.2 
4.4 
4.2 

5.6 

6.2 

2.0 
1.9 
1.9 
1.9 

2.6 
2.8 
2.9 
2.8 

.8 
.5 
.4 
.5 

13 

14 

5.8 
5.4 

6.8 
6.2 

******     * 

5.6 

5.4 
5.4 

5.3 
5.4 

15 

16 

6.1 

17 

1.4 

2.4 

3.3 

4.3 

5.4 

6.6 

1.9 

2.9 

.5 

18 

5.9 

19 

5.9 

20 

1.5 

2.4 

3.4 

4.3 

5.4 

6.5 

1.9 

2.8 

.4 

21 

5.7 

22 

5.8 

Mean  reionaace  potentials.  1.90  volts  and  a  .85  volts. 
Mean  ionization  potential,  6.ox  volts. 

In  order  to  illustrate  this  fact,  we  shall  anticipate  our  results 
to  the  extent  of  postulating  that  two  tsrpes  of  inelastic  impact' 
without  ionization  may  take  place  in  calcium  vapor,  type  i,  in 
which  the  colliding  electron  loses  1.877  volts  velocity,  and  type 
2,  in  which  2.918  volts  velocity  is  lost.  Collisions  of  type  i  are 
somewhat  more  probable  than  those  of  type  2.  Up  to  a  maximum 
loss  in  velocity  of  7  volts  the  following  table  represents  the  pos- 
sible permutations  with  these  two  types  of  collision.  The  corre- 
sponding total  loss  in  velocity  after  each  successive  collision  is 
given  in  columns  2  to  4. 


732 


Scientific  Papers  of  the  Bureau  of  Standards 


iV^LiS 


TABLE  3.— Ydodtf  Looms  in  Caldttm 


Type  oi  colltoton 


WUK 

impact 


f*W|>fl^ 


ThM 


(1)(2)(1).... 
(2)(1)(1).... 

(1)  (1)  (2)..,. 

a)(2) 

(2>(1) 

(2)  (2) 


Volts 
1.877 
1.877 
2.918 
1.877 
1.877 
2.918 
2.918 


Vom 

3.754 
4.795 
4.795 
3.754 
4.795 
4.795 
5.836 


Volli 
5.631 

6.672 

6.672 

&672 


Since  collisions  of  type  i  are  more  probable,  we  should  expect 
that  the  velocity  losses  of  i.88  volts  would  show  prominently  on 
the  partial-current  curves.  A  loss  of  2.92  volts  resulting  from 
the  less  probable  collision  of  type  2  should  appear  less  promi- 
nently. Similarly,  two  collisions  of  type  i  are  more  probable 
than  two  of  t3rpe  2  or  one  of  each  type,  and  hence  the  point  3.75 
should  be  more  pronounced  than  the  point  4.80.  From  5.6  to 
5,8  the  effects  of  two  collisions  of  type  2  and  of  three  collisions 
of  tjrpe  I  are  superposed,  and  above  this  point  two  collisions  of 
type  I  and  one  of  type  2  causes  an  inflection  in  the  curve  at  6.67 
volts.  As  the  velocity  is  still  further  increased  the  various  per- 
mutations overlap  and  the  true  inflectional  points  are  obscured. 
The  prominence  attained  by  different  portions  of  the  ctirves 
depends  upon  the  vapor  density,  since  with  very  attenuated 
vapor  the  probability  of  two  or  more  collisions  of  any  type  may 
be  exceedingly  small.  The  etudes  of  Fig.  2  confirm  the  above 
deductions.  ^ 

If  the  average  values  of  the  successive  points  a,  6,  c,  etc.,  of 
Table  2  are  corrected  by  the  average  initial  potential,  we  obtain 
a  composite  curve  which  may  be  compared  with  the  values  to  be 
expected  from  Table  2  on  the  basis  of  the  above  assumption  as 
follows: 

TABL£  4.— Velocity  Losses  in  Calcium 


Observed 

Tbeoieticel 

Obeetred 

Theontkid 

a « 

Volt! 

1.88 

2.93 
3.78 

Vein 

1.88 

2.92 
3.75 

d 

Vdli 
4.74 

5.84 

6.9 

VcllB 
4.80 

b 

e 

5.611 5.8 

c 

f 

6.67 

Most  of  the  curves  given  show  six  points  of  inflection,  but 
point  6  is  always  very  faint  and  points  e  and  /  vary  both  in  posi- 
tion and  distinctness.  As  the  latter  points  are  above  the  ioniza- 
tion potential,  this  gives  rise  to  an  effect  varying  with  the  vapor 
pressure  which  makes  current  readings  unreliable.    For  these 
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reasons  the  two  resonance  potentials  and  initial  velocity-correc- 
tions were  computed  from  the  points  a,  c,  and  d.  Thus,  in  curve 
14,  a  is  at  1.5  volts;  c  at  3.4;  and  d  at  4.4,  giving  the  first  resonance 
potential,  c-a,  1.9  volts;  the  second,  d-a,  2.9  volts;  and  the  initial 
velocity,  0.4  volt. 

Computed  in  this  manner  the  mean  values  from  the  data  in 
Table  2  are  principal  resonance  potential  1.90  volts,  secondary 
resonance  potential  2.85  volts,  ionization  potential  6.01  volts. 

The  occurrence  of  two  resonance  potentials  has  been  suspected 
in  the  case  of  other  metals,  notably  zinc  and  magnesium;  but  this 
is  the  first  instance  in  which  the  phenomena  were  unmistakable. 
It  suggests  the  possibility  that  in  all  metals  there  may  be  many 
potentials  of  inelastic  impact  of  which  the  observed  potential 
is  the  most  probable. 

The  chief  purpose  of  the  authors  in  making  these  meastu-e- 
ments  in  calcium  vapor  was  to  find  the  frequencies  of  the  spec- 
trum which  correspond  to  the  resonance  and  ionization  potentials 

in  the  quantum   relation  Ve^hv  or  V  =  — i^.     Previous  work 

shows  that  spectral  relations  are  similar  among  metals  in  the 
same  group  of  the  periodic  table.  Spectra  of  elements  in  the 
second  column  are  characterized  by  three  groups  of  series;  single 
line,  doublet  and  triplet  series,  and  combination  series  lines,  of 
which  combinations  of  single  line  and  triplet  terms  are  prominent. 
The  frequency  of  the  combination  line  1.5  5— 2/^,  has  been  shown 
to  give  the  resonance  potential  and  the  frequency  1.55  the  ioniza- 
tion potential  in  the  case  of  all  these  metals  previously  studied — 
namely,  zinc,  cadmium,  mercury,  and  magnesium.  The  first  line 
of  the  principal  series  of  single  lines  1.5  5—2  P  is,  however,  pre- 
dominant in  the  spectra  of  magnesium,  calcium,  strontium,  and 
barium  and  strong  in  all  the  metals  of  this  group. 

The  limit  of  the  principal  series  of  single  lines  1.5  5  in  the  calcium 
spectrum  is  computed  by  P.  A.  Saunders*  to  be  y» 49304.8, 
X  »  2027.56.  As  this  is  based  on  better  data,  it  is  to  be  preferred 
to  the  number  deduced  by  Lorenser.  This  gives  F»6.o8i  volts 
in  dose  agreement  with  the  observed  value  V — 6.01  volts. 

The  line  1.5  5-2^,  has  not  been  correctly  identified  in  any  pub- 
lished work.  Using  Satmders's  value  of  1.5  5  and  Dunz's  value 
of  2/>„  1^-34089.47,  1.5  S-2/>,  =  i52i5.33.    There  is  a  calcium 

line  atX  =  6572.78.    ^  =  15210.3    in   vacuiun.     This  agreement   is 

*  Data  furnished  by  Dr.  Saunders. 
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good^  for  the  limiting  frequency  1.5  5  is  difficult  to  determine,  as 
is  shown  by  the  variotis  results  of  different  authorities.  Phjrsical 
properties  of  this  line  make  its  identification  almost  certain, 
although  it  is  apparently  insignificant  in  arc  en:  spark  spectra. 
The  wave  length  X  =  6572.78  corresponds  to  F  =»  1.877  volts,  while 
the  observed  value  is  V  *  i  .90  volts. 

The  first  line  of  the  principal  series  1.5  S  — 2  P  is  X«4226.73, 
giving  F"=  2.918  in  good  agreement  with  the  observed  secondary 
resonance  potential  V  «  2.85  volts. 

These  results  add  importance  to  the  study  of  the  relative 
intensity  of  the  lines  1.55  — 2^,  and  1.5  S— 2  Pin  spectra  of  metals 
of  this  group  under  different  modes  of  excitation.  Following  the 
discovery  by  Franck  and  Hertz  ^  that  mercury  vapor,  when  bom- 
barded by  electrons  with  velocity  equal  to  the  resonance  potential, 
emitted  the  line  1.5  S  — 2/^3  (X  =  2537)  alone  or  at  least  predomi- 
nantly. McLennan®  made  similar  observations  on  low  voltage 
arcs  in  cadmium,  zinc,  and  magnesium.  In  cadmium  and  zinc 
the  results  were  analogous  to  mercury,  but  in  magnesium  the  line 
1 .5  S  —  2  P  alone  was  observed  below  the  ionization  potential.  He 
concluded  that  the  frequency  1.55  —  2p^  was  fundsunental  in  zinc, 
cadmium,  and  mercury,  and  1.5  5  —  2  P  in  magnesium,  calcium, 
strontium,  and  baritun. 

Davis  and  Goucher,'  by  their  ingenious  method  of  detecting 
the  appearance  of  different  types  of  radiation  from  the  photo- 
electric effect,  showed  that  in  mercury  vapor  radiation  occurred 
with  4.9  volts  accelerating  potential  corresponding  to  X«2537 
and  increased  at  6.7  volts  corresponding  to  the  first  line  of  the 
principal  series  X  » 1849. 

Later  McLennan  and  Ireton  ^^  showed  by  spectroscopic  methods 
that  in  zinc  and  cadmium  the  first  line  of  the  principal  series  ap- 
peared at  potentials  corresponding  to  their  respective  frequencies. 

The  Davis  and  Goucher  experiment  is  entirely  different  in 
principle  from  the  method  used  by  Franck  and  Hertz  to  detect  the 
potential  of  inelastic  impact  in  mercury  and  used  by  us  in  our 
work.  The  curves  obtained  by  Franck  and  Hertz"  are  beauti- 
fully regular  and  show  only  one  resonance  potential. 

Our  measurements  show  that  the  frequency  1.55  —  2^,  is  of 
predominant  importance  in  determining  inelastic  impact  in  all 

'  Verh.  dcr  Dcut.  Phys.  Gcs.,  16,  p.  512;  1914. 

•  Proc  Roy.  Soc.,  91,  p.  485;  98,  p.  307;  W,  p.  sw*  x9«S-«6. 

*  Phys.  Rev..  19,  p.  lox;  X9X7. 
K  Phil.  Mag..  86.  p.  461;  X918. 

^  Verh.  der  Deut.  Phys.  Gcs.,  16,  p.  457;  1914. 
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the  metals  of  this  group  which  we  have  studied,  although  the  fre- 
quency 1.5S  —  2P  is  also  effective  in  calcium,  and  possibly  magne- 
situn.  The  relation  between  low-voltage  arc  lines  and  potentials 
of  inelastic  cdlision  is  evidently  complicated. 

McLennan  has  noade  no  observations  of  the  low-voltage  arc  in 
calcium.  An  experiment  performed  in  this  laboratory  by  Dr. 
Meggers  and  one  of  the  authors  indicates  that  the  line  i  .55  -  2P 
(X — 4227)  does  appear  below  the  ionization  potential. 

The  evidence  is  based  on  a  purely  accidental  result  of  a  spectro- 
scopic study  of  low-voltage  arcs  in  caesium  vapor.  Several 
photographs  of  the  arc  spectrum,  with  an  applied  potential  of  2.2 
volts,  showed  a  line  which  in  all  probability  was  the  4227  line  of 
calcium.  As  the  dispersion  was  very  small,  the  evidence  is  not 
certain,  but  the  caesiiun  was  made  by  heating  csesiiun  chloride  in 
calcium  so  the  occturence  of  caldiun  or  calcium  chloride  was  not 
unlikely.  The  fact  that  the  line  appeared  with  an  applied  voltage 
less  than  the  secondary  resonance  potential,  3  volts,  may  not  be 
important,  for  the  actual  potential  may  have  been  as  much  as  i 
volt  higher  than  the  applied  potential. 

Interesting  light  on  these  fundamental  frequencies  in  the  spectra 
of  caldimi  and  magnesium  is  given  by  the  work  of  A.  S.  King" 
on  spectra  in  the  vacuum  tube  furnace  at  different  temperatures. 
The  contention  of  Hemsalech^^  that  spectra  observed  in  tube 
ftunaces  are  at  least  in  part  low-voltage  arcs  may  be  significant, 
for  if  this  is  true  low-temperature  spectra  are  low-voltage  spectra. 

In  the  calcium  spectrum  at  high  temperature  the  line  X = 4227  is 
predominant  and  X«=6573  quite  faint,  while  at  low  temperature 
X»4227,  though  still  the  brightest  line,  has  lost  considerably  in 
relative  brightness,  and  X»  6573  has  increased  tmtil  it  is  second 
only  to  X= 4227.  Magnesium  shows  the  same  phenomena.  The 
wave  length  X  » 2852,  which  is  the  first  line  of  the  principal  series, 
is  predominant  at  high  temperattu-e,  while  1.55  — 2/>,  (X"-457i) 
is  faint ;  but  at  low  temperature  in  this  case  X  »  45  7 1  is  the  brightest 
line  in  the  spectrtun  and  X  -  2852  has  entirely  disappeared. 

Whether  tube-furnace  spectra  are  due  to  thermal  emission  or 
low-voltage  arcs,  the  change  in  the  spectra  as  the  temperature  is 
varied  offers  a  means  of  differentiating  the  fundamental  frequencies 
in  other  elements. 

Prom  the  combined  results  of  experiments  on  the  metals  of  the 
second  group  of  the  periodic  table  the  following  conclusions  can 
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be  drawn:  Inelastic  collision  in  all  these  metals  occurs  at  a  poten- 
tial corresponding  to  the  spectral  frequency  i.sS^ap^  In  cal- 
dtun,  and  probably  in  some  other  metals  of  the  group,  there  is  a 
second  resonance  potential  given  by  the  line  1.55— 2P.  The 
ionization  potential  is  in  all  cases  determined  by  the  frequency 
1.55.  Arcs  with  voltage  less  than  the  ionization  potential  in 
zmc,  cadnutun,  and  mercury  show  the  line  i .  55 — 2/>,  predominantly, 
while  magnesium,  and  probably  all  the  alkali  earth  metals,  shows 
1.5S  — 2P  predominantly.  The  line  1.55  — 2P  probably  appears 
in  spectra  of  all  metals  in  this  group  below  the  ionization  potential. 
The  evidence  of  the  proportionality  between  potentials  of 
inelastic  collision  and  spectral  frequency  is  now  so  extensive  as 
to  be  beyond  question.  However,  the  assiunption  that  all  electron 
collisions  of  one  type  give  rise  to  one  spectral  line  does  not  seem 
to  explain  the  relative  intensity  of  the  two  lines  1.55  — 2P  and 
1.5S  — 2/),  below  the  ionization  potential.  The  tube-furnace 
spectra,  for  instance,  show  at  least  that  the  two  emission  centers 
are  affected  differently  by  a  change  in  physical  condition,  whether 
it  is  the  temperature  or  the  electric  field  that  plays  the  important 

part. 

VI.  SUMMARY 

The  resonance  and  ionization  potentials  in  lead  vapor  are  at 
1.26  and  7.93  volts,  respectively.  The  line  X«io  291  is  probably 
related  by  the  quantum  equation  to  the  resonance  potential. 
This  gives  a  theoretical  value  of  1.198  volts  for  the  resonance 
potential. 

Measurements  in  calcium  vapor  show  two  resonance  potentials, 
1.90  volts  and  2.85  volts,  the  former  of  which  is  most  pronounced. 
The  observed  value  of  the  ionization  potential  is  6.01  volts. 

The  first  resonance  potential  is  determined  by  the  frequency 
1 .5S — 2P2  (X  =» 6572.78).    The  theoretical  value  is  i .877  volts. 

The  second  resonance  potential  is  related  to  the  first  line  of 
the  principal  series,  1.55  — 2P  (X =4226.73),  giving  the  theoretical 
value  2.918  volts. 

The  limit  of  the  principal  series,  1.5S  (X  «  2027.56),  corresponds 
to  the  value  6.081  volts  for  the  ionization  potential. 

The  spectrsd  relations  of  the  first  resonance  potential  and  ioni- 
zation potential  are  analogous  to  those  previously  found  in  other 
metals  of  this  group  in  the  periodic  table. 

Washington,  October  i,  1919. 
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